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Abstract 
This thesis reports on the syntheses of novel low symmetrically substituted Zn, Sn, 
Ge and Ti MPc complexes containing a single carboxylic or cysteinyl group available 
for attachments to MNPs. The complexes were extensively characterized by various 
techniques to ensure their purity. Various metallic nanoparticles consisting of silver 
(AgNPs), gold (AuNPs) as well as quantum dots (QDs) were successfully prepared 
and conjugated to the low symmetry phthalocyanine complexes. The conjugates 
were successfully characterized using many techniques. The Q-band maxima of the 
MPcs were observed at completely different wavelength regions depending on the 
nature of the substituents and the central metal used. Blue shifting of the Q band in 
the absorption spectra was observed for the complexes in the presence of AuNPs, 
while aggregation was observed in the presence of quantum dots. The complexes 
were successfully electrospun into polymer fibers for the antimicrobial inhibition of 
bacteria. 
The photophysical and photochemical properties of these complexes were 
extensively investigated. Higher triplet and singlet oxygen quantum yields were 
achieved for the Ge Pc complexes, with all the complexes giving reasonable singlet 
oxygen quantum yields. An enhancement in triplet and singlet oxygen quantum 
yields was observed for all the complexes in the presence of metal nanoparticles. 
However, the singlet oxygen quantum yields decreased for all the complexes when 
incorporated into electrospun fibers. The antimicrobial behaviour of the complexes 
was investigated against Bacillus Subtilis and Staphylococcus Aureus in solution and in 
the fiber matrix. High antimicrobial inhibitions were observed for the Ge complexes 
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followed by the ZnPc derivatives. All the low symmetry ZnPc derivatives were 
conjugated to AgNPs and their antimicrobial behaviour was compared to their 
symmetrical counterparts. The best antimicrobial inhibition behaviour was observed 
for the low symmetry Pcs when compared to their symmetrical counterparts. In the 
absence and in the presence of AgNPs, axially ligated SiPc also showed better 
antimicrobial activity when it was compared to the unsubstituted ZnPc complex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONTENTS 
vii 
 
Title page           i 
Dedications           ii 
Acknowledgements         iii 
Abstract           v 
Contents           vii 
List of abbreviations         xv 
List of symbols          xviii 
List of figures          xx 
List of tables           xxix 
List of schemes          xxxii 
 
CHAPTER 1 
Introduction           1 
1.1 Phthalocyanines         2 
1.1.1 History and discovery         2 
1.1.2    Structure and some applications of phthalocyanines    3 
1.1.3 Synthesis of low symmetry phthalocyanines     6 
1.1.4    Axial ligation in phthalocyanines      8 
1.1.5    Known examples low symmetry and axial ligated SiPc of interest  
in this thesis           10 
1.1.6 Electronic absorption spectra of phthalocyanines    19 
1.1.7 Aggregation of phthalocyanines       22 
1.2  Photophysical and photochemical parameters     24 
1.2.1   Photophysical parameters        24 
CONTENTS 
viii 
 
1.2.1.1 Fluorescence quantum yields and lifetimes     25 
1.2.1.2 Triplet state quantum yields and lifetimes     29 
1.2.2 Singlet oxygen quantum yields       31 
1.3 Nanoparticles          36 
1.3.1 Metal nanoparticles (MNPs)       36 
1.3.1.1 Properties and applications of gold and silver nanoparticles  37 
1.3.1.2 Synthesis of gold and silver nanoparticles     40 
1.3.1.3 Gold and silver nanoparticles phthalocyanine conjugates   43 
1.3.2 Quantum dots (QDs)         45 
1.3.2.1 Properties and applications        45 
1.3.2.2 Synthesis of quantum dots       50 
1.3.2.3 Föster resonance energy transfer (FERT)     51 
1.4 Electrospinning          54 
1.5 Photodynamic antimicrobial chemotherapy     59 
1.5.1 Background and working principle      60 
1.5.2 Phthalocyanines used for photodynamic antimicrobial chemotherapy 62 
1.6 Summary of Aims for this thesis       65 
 
CHAPTER 2 
2.1 Materials           68 
2.1.1 Solvents          68 
2.1.2 Reagents for the synthesis of phthalocyanines     68 
CONTENTS 
ix 
 
2.1.3 Reagents for the synthesis of nanoparticles     69 
2.1.4 Reagents for bacterial work       69 
2.2 Instrumentation         70 
2.3 Methods           76 
2.3.1 Fluorescence spectra and quantum yields (ФF)    76 
2.3.2 Triplet quantum yields (ФT) and lifetimes (τT)    76 
2.3.3 Singlet oxygen (Ф∆) quantum yields       77 
2.3.4 Antimicrobial experiments in solution and in the fiber matrices  78 
2.3.4.1 Antimicrobial activities in solution      78 
2.3.4.2 Antimicrobial behaviour in fiber matrix     79 
2.4 Synthesis          79 
2.4.1 Synthesis of nanoparticles       79 
2.4.1.1 Synthesis of quantum dots       80 
2.4.1.2 Synthesis of gold nanoparticles       80 
2.4.1.3 Synthesis of silver nanoparticles       81 
2.4.1.4 Spherical AgNPs         81 
2.4.1.3.2 Triangular shaped AgNPs       82 
2.4.1.3.3 Cubic AgNPs         83 
2.4.2 Synthesis of phthalocyanines       83 
2.4.2.1 Synthesis of 4-cysteinyl phthalonitrile      84 
2.4.2.2 Tris {9 (10), 16 (17), 23 (24)-[(4-phenoxy)-2-(4-cysteinyl)] phthalocyanine}  
            Zn (49) Sn (OH)2 (50) Ge (OH)2 (51) and TiO (52)    85 
CONTENTS 
x 
 
2.4.2.3 Hexakis {9; 10, 16; 17, 23; 24 – [(1,2-bis-(diethylaminoethylthio)) 
           -2-(4-phenoxycarboxy)] phthalocyaninato} Zn (53) Sn (OH)2 (54)  
           Ge (OH)2 (55) and TiO (56)        87 
2.4.2.4 Tris {9 (10), 16 (17), 23 (24)-4-[(2-diethylaminoethanethiol)- 
    2-(4   carboxyphthalonitrile)] phthalocyaninato} Zn (57) (ac)Sn  
   (58), (OH)2Ge (59) and OTi (60),       90 
2.4.2.5  Synthesis of bis-(1,6-hexanedithiol)SiPc  (SiHDTPc (61)) complex 92 
2.4.3  Preparation of MPcs-MNPs conjugates      93 
2.4.3.1 Synthesis of MPc-GSH capped AuNP conjugates    93 
2.4.3.2 Synthesis of MPc-AgNPs conjugates      94 
2.4.3.3 Formation of SiHDTPc or ZnPc– AgNPs or AuNPs conjugates  94 
2.4.3.4 Synthesis of quantum dot - phthalocyanine conjugates   95 
2.4.4 Preparation of Pc and Pc-AgNPs modified electrospun nanofibers  96 
 
CHAPTER 3 
Results and discussion 
3.1 Synthesis  and characterization of phthalocyanines     103 
3.1.1 Synthesis and characterization of nanoparticles and their Pc conjugates 103 
3.1.2 UV-vis spectral characterization       109 
CONTENTS 
xi 
 
3.1.3 Fluorescence spectra         117 
3.2 Synthesis of characterization of nanoparticles and their MPc conjugates 119 
3.2.1 MPc-GSH capped AuNPs conjugates      119 
3.2.1.1 AuNPs alone         119 
3.2.1.2 Conjugates          123 
3.2.2 Conjugates of various shapes of AgNPs with MPcs    135 
3.2.2.1 AgNPs alone         136 
3.2.2.2 Conjugates          139 
3.2.3 Conjugates of axially ligated SiPc (61) and ZnPc phthalocyanines  
with AuNPs and spherical AgNPs       145 
3.2.3.1 NPs alone          146 
3.2.3.2 Conjugates          150 
3.2.3.2.1 Synthesis          150 
3.2.3.2.2 XRD          150 
3.2.3.2.3 TEM          151 
3.2.4 Conjugates of MPcs to Quantum dot core shells (QDs)   158 
3.2.4.1 QDs alone          159 
3.2.4.2 Conjugates          164 
3.3. Preparation and characterization of MPc supported polymer fibers  168 
CONTENTS 
xii 
 
3.3.1 Interaction of MPcs with polystyrene      169 
3.3.2 Interaction of low symmetry and symmetrical Pcs with polystyrene  
in the presence of AgNPs         175 
3.4 Summary          181 
 
CHAPTER 4 
4.1 Photophysical properties of the phthalocyanines     183 
4.1.1 Fluorescence quantum yields (
F
) and lifetimes (
F
)    184 
4.1.2 Triplet quantum yields (
T
) and lifetimes  (
T
)      186 
4.2 Photophysicochemical properties of MPcs in the presence of nanoparticles 189 
4.2.1 Photophysicochemical properties of MCPc-GSH-AuNPs conjugates,  
complex 58-60 used as examples for peripherally linked AuNPs   189 
4.2.2 SiHDTPc (61) and unsubstituted ZnPc axially linked to AgNPs (spherical)  
and AuNPs           193 
4.2.3 Singlet oxygen generation of Pcs in the presence of differently  
shaped AgNPs in solution        195 
4.2.4 Singlet oxygen of MPcs alone and in the presence of spherical AgNPs  
in the fiber matrix           198 
4.2.5 Photophysical properties of low symmetry Pcs in the presence of QDs 201 
CONTENTS 
xiii 
 
4.2.5.1 Fluorescence quantum yields and lifetimes     201 
4.2.5.2 Förster Resonance Energy Transfer between QDs and MPcs  204 
4.2.5.3 Triplet state behaviour and parameters      209 
4.3 Summary          211 
 
CHAPTER 5 
5.1  Photo-inhibition of Staphylococcus Aureus (S. Aureus) using Pcs alone 213 
5.2. Effect of low symmetry versus symmetrical Pcs on bacterial growth  
Inhibition in solution         219 
5.3 Effect of shape of AgNPs of the AgNP-Pc conjugates on the antimicrobial  
inhibition of S. Aureus         226 
5.4 Comparative study of B. Subtilis and S. Aureus using ZnPc and SiHDTPc  
(61) in the presence of AuNPs and AgNPs      230 
5.4 Summary          237 
 
CHAPTER 6 
6.1 Brief description of metallothionein protein     239 
6.2 Experimental       242 
6.2.1 Preparation of the metallothionein protein     242 
CONTENTS 
xiv 
 
6.2.2 Equipments       243 
6.3 Results and discussions        243 
6.4 Summary          250 
 
CHAPTER 7 
7.1 Conclusions          253 
7.2 Future Prospects         255 
References           245
         
LIST OF ABBREVIATIONS 
xv 
 
List of Abbreviations 
A   -  Absorption 
Ac   -  Acetate 
ADMA  -  Tetrasodium α,α–(anthracene-9,10-diyl)   
     dimethyl malonate 
DMSO-d6  -  Deuterated dimethylsulfoxide 
DMF-d6  -  Deuterated dimethylformamide 
D2O   -  Deuterated water 
DBU   -  1,8-Diazabicyclo[5.4.0]undec-7-ene 
DCM   -  Dichloromethane     
DMAc  -  Dimethyl acetamide 
DCC   -  Dicyclohexylcarbodiimide  
DPBF   -  3-Diphenylisobenzofuran  
DMF   -  N,N-dimethylformamide 
DMSO  -  Dimethylsulfoxide 
F   -  Fluorescence 
HOMO  -   Highest occupied molecular orbital 
LUMO  -  Lowest unoccupied molecular orbital 
IR   -  Infrared 
IC   -  Internal conversion 
ISC   -  Intersystem crossing 
I   -  Light intensity 
MCP   -  Monochromator photomultiplier 
LIST OF ABBREVIATIONS 
xvi 
 
P   -  Phosphorescence 
PDT   -  Photodynamic therapy 
PACT   -  Photodynamic antimicrobial chemotherapy 
PMT   -  Photomultiplier tube 
PS   -  Polystyrene 
PVP   -  Polyvinyl pyrrolidone 
1H NMR  -  Proton nuclear magnetic resonance spectroscopy 
SEM   -  Scanning electron microscopy 
TCP   -  Tetracarboxyphenoxy 
THF   -  Tetrahydrofuran 
TP   -  Tetraphenoxy 
MC   -  Monocarboxy 
MCs   -  Monocysteinyl 
MPC   -  Monophenoxy carboxy 
ODE   -  Octadiethyl 
TDE   -  Tetradiethyl 
TSPc   -  Tetrasulfonated phthalocyanine 
TCSPC  -  Time correlated single photon counting 
TEM   -  Transmission electron microscopy 
3MPc*   -  Triplet state of phthalocyanine 
VR   -  Vibrational relaxation 
XRD   -  X-ray diffraction 
XPS   -  X-ray photoelectron spectroscopy 
LIST OF ABBREVIATIONS 
xvii 
 
STP   -  Sphere to prism transformation 
NaC3   -  Sodium citrate 
NP   -  Nanoparticle 
GSH   -  Glutathione 
TGA   -  Thioglycolic acid 
SOC   -   Spin-orbit coupling 
UV-vis  -   Ultraviolet visible 
 
LIST OF SYMBOLS 
xviii 
 
List of symbols 
Å    -   Angstrom 
∆As   -  Changes in the singlet state absorbances 
TA    -  Changes in the triplet state absorbances 
1O2(1Σ-g)  -  Singlet oxygen 
T1   -  First excited triplet excited state  
ФF   -  Fluorescence quantum yield 
F   -  Fluorescence lifetime 
hv   -  Light 
ε   -  Molar extinction coefficient 
Tn   -  nth triplet state 
α   -  Non-peripheral position   
β   -  Peripheral position 
T2   -  Second excited triplet state 
S1   -  Singlet excited state 
S0   -  Singlet ground state   
3O2(3Δg)  -  Triplet molecular oxygen 
ΦΔ   -  Singlet oxygen quantum yield 
   -  Singlet state molar extinction   
T   -  Triplet lifetime 
ΦT   -  Triplet quantum yield 
   -  Triplet state molar extinction coefficient   
r    -   Centre to centre  
LIST OF SYMBOLS 
xix 
 
R0   -  Förster distance 
3O2   -  Ground state oxygen 
abs -   Wavelength of absorption spectrum maximum 
emi   -   Wavelength of emission spectrum maximum 
exci   -   Wavelength of excitation spectrum maximum 
Iabs    -  Rate of light absorption by the photosensitizer 
J    -   Förster overlaps integral 
2   -  Dipole orientation factor 
S   -  Seconds 
 
 
LIST OF FIGURES 
xx 
 
List of figures 
 
Figure 1.1: The structure of metallophthalocyanine     3 
Figure 1.2: The molecular structures of metallated (MPc) and unmetallated  
                    (H2Pc) phthalocyanines       4 
Figure 1.3: Ground state absorption spectra of metallated ((a) black)  
                   and unmetallated ((b) red) Pc       19 
Figure 1.4: Electronic transitions in phthalocyanine complexes   20 
Figure 1.5: UV-vis absorption spectra of Ni(II)2α-trimethylsilylethynylPc  
                    and Ni(II)1α-trimethylsilylethynylPc complexes.    21 
Figure 1.6: Absorption spectra of a typical aggregated phthalocyanine  22 
Figure 1.7: Energy diagram showing the split in energy levels   23 
Figure 1.8:  The Jablonski diagram displaying transitions of a molecule from  
                     the ground state to the excited state     24 
Figure 1.9: The typical ground state electronic absorption, fluorescence  
                    excitation and emission of an MPc      26 
Figure 1.10: Photoluminescence decay curve of a typical MPc in solution  28 
Figure 1.11: A typical triplet decay curve of an MPc following laser flash  
                      photolysis         29 
Figure 1.12:  The Jablonski diagram displaying singlet oxygen production  31 
LIST OF FIGURES 
xxi 
 
Figure 1.13: UV-vis absorption spectra of various sizes of AgNPs prepared  
                      using a variety of conditions      38 
Figure 1.14: Surface-plasmon resonance (SPR) of spherical metal nanoparticles 39 
Figure 1.15: TEM and SEM images of various shapes of gold and silver  
                      nanoparticles         41 
Figure 1.16: Mechanistic formation of various shapes of nanoparticles   42 
Figure 1.17: Band gap in bulk crystals and in QDs       46 
Figure 1.18: Typical absorption (A) and photoluminescence emission spectra of  
                      QDs in different stages of growth       47 
Figure 1.19: Förster resonance energy transfer Jablonski diagram    52 
Figure 1.20: Typical diagrammatic set-up of an electrospinning apparatus   55 
Figure 1.21: Typical Scanning electrode microscope (SEM) image of  
                      polyamide electrospun nanofiber       57 
Figure 1.22: Schematic diagram showing cell death after PACT    61 
Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC) 
                    setup           72 
Figure 2.2: Schematic diagram for a laser flash photolysis setup    73 
Figure 2.3: Schematic diagram of photo-irridiation setup     74 
Figure 2.4: Typical electrospinning setup       75 
LIST OF FIGURES 
xxii 
 
Figure 3.1: Ground state electronic absorption spectra of monocysteinyl  
                   complexes         109 
Figure 3.2: Ground state UV-vis spectra of low symmetry monophenoxy-carboxy 
                    complexes         111 
Figure 3.3: Ground state electronic UV-vis spectra of low symmetry  
                    monocarboxy complexes       113 
Figure 3.4: Ground state electronic absorption spectra of TiMCPc at various   
                   concentrations         114 
Figure 3.5: Chemical structures of the symmetrically substituted phthalocyanines 116 
Figure 3.6: Ground state electronic absorption spectra of symmetrical 
       versus unsymmetrical ZnPc derivatives in DMF    117 
Figure 3.7: Absorption, fluorescence excitation and emission spectra of  
                   (51), OTiMCsPc (52), (57) and (58) complexes in DMF   118 
Figure 3.8: Ground state electronic absorption spectra of GSH-AuNPs in water. 120 
Figure 3.9: Transmission electron microscope (TEM) images of GSH capped  
                   AuNPs linked to MPcs        121 
Figure 3.10: XRD spectra of GSH-AuNPs and their MPc conjugates   124 
Figure 3.11: Infrared spectra of Ge (A) (55), Ti (B) (56) and Sn (C) (54); linked  
LIST OF FIGURES 
xxiii 
 
                      to nanoparticles (i) and Pc alone (ii).       128 
Figure 3.12: Ground state absorption spectra of (55), (B) (56) and (C) (54)  
                     with nanoparticles in DMF.       130 
Figure 3.13: Ground state absorption (i), fluorescence excitation (ii) and emission 
                   (iii) spectra of MPc-AuNPs conjugates in DMF    133 
Figure 3.14: Low resolution transmission electron microscope images of  
                      spherical (a), triangular (b) and cubic AgNPs in the presence of Pcs 137 
Figure 3.15: X-ray diffraction pattern spectra of spherical (a) triangular (b) and  
                     cubic AgNPs (c).        138 
Figure 3.16: Ground state electronic absorption spectra of various AgNPs in  
                      DMF, corresponding digital images insert    139 
Figure 3.17: Ground state UV-vis spectra of monocysteinyl Pcs with spherical  
                    AgNPs in DMF         140 
Figure 3.18: Ground state UV-vis spectra of monocysteinyl Pcs with triangular  
                    AgNPs in DMF         143 
Figure 3.19: Ground state UV-vis spectra of monocysteinyl Pcs with cubic  
                     AgNPs in DMF        144 
Figure 3.20: UV-vis spectra of AgNPs and AuNPs in DMF    146 
LIST OF FIGURES 
xxiv 
 
Figure 3.21: X-ray diffraction pattern of ZnPc and SiHDTPc-AuNPs in the  
          presence of Ag and Au NPs       147 
Figure 3.22: Transmission electron microscope (TEM) images of ZnPc and 
                      SiHDTPc-AuNPs in the presence of Ag and Au NPs   149 
Figure 3.23: Infrared spectra (IR) of ZnPc and SiHDTPc-AuNPs in the 
                      presence of AgNPs        153 
Figure 3.24: UV-Vis spectra of SiHDTPc in the presence of AgNPs and 
                      AuNPs in DMF        155 
Figure 3.25: UV-Vis spectra of ZnPc in the presence of AgNPs and 
                      AuNPs in DMF         156 
Figure 3.26: Absorption, excitation and fluorescence emission of SiHDTPc and  
                      ZnPc  in the presence of AuNPs  and AgNPs in DMF   157 
Figure 3.27: Photoluminescence spectra of CdTe-TGA quantum dots at various 
                      growth times         158 
Figure 3.28: Ground state electronic absorption and fluorescence emission  
                     spectra of core shell QDs       161 
Figure 3.29: X-ray diffraction pattern of CdTe@ZnS-CALNN QDs1 (black) and  
                      CdTe-TGA QDs 1 (red)       162 
LIST OF FIGURES 
xxv 
 
Figure 3.30: X-ray photoelectron spectra of CdTe@ZnS-CALNN QDs1 (black)  
                     and CdTe-TGA QDs1  (red)       163 
Figure 3.31: UV-Visible spectra of (49), (53), (59), and (58) mixed and linked  
                      to QDs          165 
Figure 3.32 :Infrared spectra of (49), (53), (58), (59), and (60) linked to QDs  166 
Figure 3.33: UV-Visible absorption, fluorescence excitation and emission  
                      spectra of ZnMCsPc mixed QDs and ZnMPCPc linked to QDs  167 
Figure 3.34: Scanning electron microscopic (SEM) images polystyrene   
                     electrospun fiber alone and in the presence of various MPcs  169 
Figure 3.35: Ground state electronic absorption spectra of  (59), (60), (58), (49)  
                      and (53) fiber and in solution       172 
Figure 3.36: Infrared spectra of (ac)2SnMCPc(58)/PS (i) and  polystyrene fiber  
                      alone (ii).         174 
Figure 3.37: Absorption spectra of the low symmetry ZnPc derivatives alone  
                      and in the presence of AgNPs in fiber matrix    177 
 
Figure 3.38: SEM images of polystyrene alone and in the presence of  
                      complex 49, 53 and 57 and Pcs-AgNPs conjugates   179 
Figure 4.1: Photoluminescence decay curve of complex (51) in DMF   184 
LIST OF FIGURES 
xxvi 
 
Figure 4.2: Triplet state decay curve of complex 51 in DMF    187 
Figure 4.3:Typical spectra observed during the generation of DPBF as a  
                   singlet oxygen scavenger for complex 55 in DMF    188 
Figure 4.4: Photoluminescence decay curve of complex 58 alone and linked to  
                  GSH-AuNPs          191 
Figure 4.5: Photoluminescence decay curves of SiHDTPc (61) (i) and  
                   SiHDTPc-AuNPs (ii) in DMF.       193 
Figure 4.6: Photodegradation of DPBF, following illumination of ZnMCsPc  
                   (49) in the presence of triangular shaped AgNPs    196 
Figure 4.7: Photodegradation of ADMA and DPBF in the presence of ZnMCsPc 198 
Figure 4.8: Emission spectra of QDs overlapped with UV-Visible  
                    spectra of (ac)2SnMCPc (iii), OTiMCPc (iv)     204 
Figure 4.9: Fluorescence spectra of  QDs  in the presence of ZnMCsPc (49)   
                    (a) and ZnMPCPc (53) (b)        206 
Figure 4.10: Triplet decay curve of (ac)SnMCPc linked to QDs    209 
 
Figure 5.1: Digital images of the antimicrobial inhibition test using  
                    phthalocyanine modified fibers      215 
Figure 5.2: Antimicrobial activity of the MPc complexes in liquid broth solution, 
LIST OF FIGURES 
xxvii 
 
                    in the dark and under illumination against S. Aureus   218 
Figure 5.3: Antimicrobial behaviour of ZnMPCPc (53) and ZnODEPc (69)  
                    alone and in the presence of AgNPs against B. Subtilis   220 
Figure 5.4: Antimicrobial activities of (49, 53, and 57) and (68, 69 and 70)  
                     ZnPcs complexes alone (A) and in the presence of AgNPs (B)  222 
Figure 5.5: Digital images of the antimicrobial inhibition test using the low  
                   symmetry ZnPc derivatives against B. Subtilis    224 
Figure 5.6: Digital images of the antimicrobial inhibition test using  
                     symmetrical ZnPc derivatives modified fibers     225 
Figure 5.7: Antimicrobial activities of various AgNPs shapes toward  
                   S. aureus in the dark and illuminated with visible light   226 
Figure 5.8: Antimicrobial activities of (51) + spherical AgNPs towards  
                   S. Aureus, in the dark and under illumination with light   227 
Figure 5.9: Antimicrobial activities towards s. aureus of various MPcs in 
                   the presence of various AgNPs       229 
Figure 5.10: Antimicrobial activities of SiHDTPc (a) and ZnPc (b),  
                     against S. Aureus (i) and against B. Subtilis (ii)    231 
Figure 5.11: Antimicrobial activities of SiHDTPc in the presence of AuNPs (i)  
LIST OF FIGURES 
xxviii 
 
                     and AgNPs (ii), against B. Subtilis (a) and against S. Aureus (b)  233 
Figure 5.12: Antimicrobial activities of various MPcs and their MNPs  
                      conjugates against B. Subtilis (a) and against S. Aureus (b)  235 
Figure 5.13: Microscopic images of S. Aureus (i), in the presence of SiHDTPc  
                  (ii), SiHDTPc-AuNPs (iii), and in the presence of SiHDTPc-AgNPs 236 
Figure 6.1: Structure of the Beta (A) and Alpha (B) domain of  
                    metallothionein protein used in this work     240 
Figure 6.2: The ESI-MS of apo alpha-MT (a) and Cd4-alpha MT (b)   245 
Figure 6.3: The ESI-MS of (61) + apo alpha-MT conjugate with protein  247 
Figure 6.4: The UV-vis and magnetic circular dichroism spectra of (61) before  
                    and after conjugation with MT      249 
 
LIST OF TABLES 
xxix 
 
List of tables 
 
Table 1.1: A selection of known low symmetry phthalocyanines consisting of  
                  either carboxylic or alkylthiol groups      10 
Table 1.2: List of phthalocyanine complexes synthesized and used in this thesis 18 
Table 1.3: Some photophysical and photochemical properties of phthalocyanines  
                  of interest in this thesis        35 
Table 1.4: Some AuNPs-phthalocyanines conjugates reported in literature  44 
Table 1.5: Examples of known MPc-QDs conjugates reported in literature  49 
Table 1.6: Examples of known electrospun nanofibers functionalized  
                  with phthalocyanines and their applications    58 
Table 1.7: Examples of phthalocyanine complexes used in PACT   63 
Table 3.1: UV-Vis and fluorescence spectral properties of various MPcs  
                   complexes in DMF        112 
Table 3.2: XRD parameters for the GSH-AuNPs, and MPc conjugates  126 
Table 3.3: Spectral properties of the various MPcs with their conjugates  131 
Table 3.4: Spectral properties of the various MPcs in the presence of various  
                   AgNPs          142 
Table 3.5: Spectral properties of the various complexes axially ligated to  
                   MNPs in DMF          154 
LIST OF TABLES 
xxx 
 
Table 3.6: Spectral, microscopic and photochemical properties of the low  
                  symmetry MPc complexes in solution and in the fiber matrix   170 
Table 3.7: Spectral and fiber diameters of the low symmetry MPc complexes  
                  in solution (DMF) and in the fiber matrix      176 
Table 4.1: Photophysical and photochemical parameters of the various novel 
                   MPc complexes studied in this thesis in DMF    183 
Table 4.2: Fluorescence and photophysical parameters of (59), (60) and (58)  
                   mixed and linked to GSH capped AuNPs in DMF    190 
Table 4.3: Photophysicochemical properties of the ZnPc and 61 complex and  
                   their conjugates in DMF       194 
Table 4.4: Spectral and photochemical properties of various MPcs in DMF  197 
Table 4.5: Photochemical properties various MPcs and MPcs-AgNPs in solution  
                  and in the fiber matrix        200 
Table 4.6: Fluorescence parameters of the low symmetry phthalocyanines  
                  in the presence of QDs        202 
Table 4.7: FRET parameters of the low symmetry phthalocyanines in the 
                   presence of the presence of QDs       205 
Table 4.8: Triplet state parameters of the low symmetry phthalocyanine  
LIST OF TABLES 
xxxi 
 
                  complexes in the absence QDs       210 
Table 5.1: Singlet oxygen behaviour of various Pcs in DMF and in fiber matrices 214
LIST OF SCHEMES 
xxxii 
 
List of schemes 
 
Scheme 1.1: A schematic representation of the synthesis of low symmetry  
                      phthalocyanines        6 
Scheme 1.2: Axial substitution on dichloro (Cl2SiPc) and ((OH)2SiPc)  
                      dihydroxy silicon phthalocyanines      8 
Scheme 1.3: Type II mechanism for the photoreaction of MPc leading  
                      to the production singlet oxygen      33 
Scheme 3.1: Synthesis of monocysteinyl phthalocyanine complexes   103 
Scheme 3.2: Synthesis of low symmetry monophenoxy-carboxy  
                      phthalocyanine complexes       104 
Scheme 3.3: Synthesis of  low symmetry monocarboxy phthalocyanine  
                      complexes         107 
Scheme 3.4: Synthesis of bis-(1,6-hexanedithiol)SiPc  (SiHDTPc (61)) complex 108 
Scheme 3.5: Coupling glutathione caped gold nanoparticles to low symmetry 
                      monocarboxy MPcs (58, 59 and 60).     122 
Scheme 3.6: Schematic route for the conjugation of with complex 49, 50, 51 and 
                      52 various shapes (spherical, cubic, and triangular) of AgNPs   135 
Scheme 3.7: Schematic representation of the conjugation of ZnPc or  SiHDTPc 
LIST OF SCHEMES 
xxxiii 
 
                      (61) with MNPs        145 
Scheme 3.8: Synthesis of CdTe@ZnS-CALNN coreshell quantum dots  and 
                      QDs-MPc conjugates  respectively      160 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1  INTRODUCTION  
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
Introduction
CHAPTER 1  INTRODUCTION  
2 
 
1.1 Phthalocyanines 
In this thesis phthalocyanines (Pcs) have been studied alone and when conjugated to 
nanoparticles (NPs). Unsymmetrically substituted Pcs are the subject of this thesis, 
especially those containing mono-carboxyl groups which enable linking to metal 
nanoparticles (MNPs) and to quantum dots (QDs). Pcs will also be electrospun into 
fibers for use in bacterial inactivation. 
1.1.1 History and discovery  
The name ‘phthalocyanine’ was coined from its precursor phthalic acid derivative 
‘phthalo’, and ‘cyanine’ from the Greek word for blue. Phthalocyanines (Pcs) are 
synthetic analogues of naturally occurring porphyrins and are a versatile class of 
compounds that have received much attention for application in everyday life. The 
first phthalocyanine complex was reported in 1907. The complex was discovered 
accidentally by Braun and Tcherniac as a by-product during the synthesis of o-
cyanobenzamide from phthalamide [1-3].  
This complex was first observed as an unknown insoluble bluish compound which 
was later identified as a metal-free phthalocyanine. Then in 1927, the first copper 
phthalocyanine was synthesized by de Diesbach and coworkers when they tried to 
convert o-dibromobenzene into phthalonitrile but its structure was not correctly 
formulated [4]. The structural elucidation was later done by Linstead [5]. Iron Pc was 
also accidentally discovered in 1928, when a blue product was found in a reaction 
flask where only white product was expected at the Scottish Dyes Ltd [6-8].  At a 
later (1935) stage its structure was confirmed by X-ray crystallography by Robertson 
showing that the phthalocyanine molecule is a rather planar molecule with a 
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chemical formula C32H18N8 corresponding to the unmetallated phthalocyanine [9, 
10]. 
 
1.1.2 Structure and some applications of phthalocyanines 
Phthalocyanines are conjugated, aromatic molecules that consist of 32 carbons, 8 
nitrogens, 16 hydrogens at the periphery, and 2 hydrogens in the center of the ring 
that can be substituted upon addition of a central metal ion [11]. The Pc molecule 
consists of four isoindole units that are linked by four nitrogen atoms and they 
assemble a two-dimensional 18π electron conjugated system, in which more than 70 
different metals and non-metals can be incorporated into the center Fig. 1.1. The 18π 
electron system that surrounds the core center of these heterocyclic compounds 
renders them chemically and thermally stable. This extended conjugation of the 
electron  system is known to be responsible for their blue-green colour. 
N N
N
N
N
N
N
M N


Isoindole
  unit
(peripheral)
(non-peripheral)
M = Metal
MPc
 
Figure 1.1: The structure of metallophthalocyanine 
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Because of the flexibility of the structure of phthalocyanine complexes, they can be 
engineered for many applications since they possess 16 available sites on the ring 
structure, where many substituents can be introduced to modify the chemical 
properties for different technological applications. Substitution with different 
organic ligands either at the peripheral (or at the non-peripheral positions 
(enhances the solubility of these complexes [12-16]. 
N N
N
N N N
N
M N
N N
N
N N N
N
N
H
H
D4 h Symmetry D2 h Symmetry
MPc H2Pc
 
Figure 1.2: The molecular structures of metallated (MPc) and unmetallated (H2Pc) 
phthalocyanines 
Metallated phthalocyanines (MPcs) (Fig. 1.2) possess D4h geometry, while their 
unmetallated (H2Pc) counterparts exhibit a D2h symmetry. However, some metal ions 
(such as Ti, Pb, Sb and Ta) do not perfectly fit in the cavity because of their larger 
ionic size which in some cases leads to loss of symmetry. The size of the Pc cavity or 
the distance between the two adjacent nitrogen atoms is known to be ~270-290 pm 
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[17], and large metal ions tend to distort the geometry of the Pcs, leading to a change 
in planarity to a square pyramidal system, and consequently a reduction in 
symmetry from D2h to C4v symmetry [18-21].  
Since their discovery, phthalocyanines have drawn much attention for a wide 
variety of applications due to their diverse, excellent structural, electronic, chemical 
and optical properties [6]. Because of their bright, beautiful blue-green colour and 
their considerable thermal and photochemical stability, they have been traditionally 
used as dyes for colouring of clothes (e.g. for dying blue jeans and other clothing), 
paints for plastics, inks in pens and for contact lenses [6-8, 16, 22]. They are also used 
in ink jet printing [6], electrophotography and in photocopying machinery [6, 22]. 
Emerging applications of phthalocyanines include their use in catalysis [23-26], 
photovoltaic or dye sensitized solar cells (DSSCs) [27-30], fuel cells [31], liquid 
crystal display devices [32, 33], electrochemical sensors [34-37], electrochromic 
display devices [38-40], optical computer re-writable discs (CD-RW) [41, 42], 
molecular electronics [43] and semi-conductor devices [43, 44]. Phthalocyanines are 
considered second generation photosensitizers for photodynamic therapy (PDT) of 
cancer  because of their intense absorption in the near infrared region [11, 17, 39, 44]. 
They have been successfully used in many countries for PDT [45-50]. PDT is 
considered to be a low-cost, non-invasive and a gentle procedure for treatment of 
various tumours [51]. On the other hand, PDT may be applied with high efficiency 
in the inactivation of pathogenic microorganisms which are resistant to antibiotics 
[52]. This type of PDT is called photodynamic antimicrobial chemotherapy (PACT) 
[52].  
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1.1.3 Synthesis of low symmetry phthalocyanines 
Several approaches have been developed to date to obtain mono-functional low 
symmetry phthalocyanines. These include statistical condensation employing two 
different phthalonitriles [53-55] (Scheme 1.1), ring opening of a subphthalocyanine 
[56-63], or reaction of a polymer-bonded phthalonitrile with differently substituted 
dicarbonitriles in solution followed by cleavage from the polymer and released of 
the desired phthalocyanine product [64-68]. 
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Scheme 1.1:A schematic representation of the synthesis of low symmetry 
phthalocyanines [53-55] 
The most common strategy for the formation of low symmetry Pcs to date is to carry 
out condensation reactions with two different precursors to form compounds with 
AAAA, AAAB, AABB, ABAB, ABBB, and BBBB structures (Scheme 1.1)  [53-55, 68]. 
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The formation of the ABBB type structures can be achieved in statistical terms by 
fine-tuning the ratio of the precursors, and its chromatographic separation from the 
other products is usually relatively straightforward. However the separation of 
AABB and ABAB structures is challenging, since these isomers have identical 
molecular weights and usually have similar molecular properties. In this work, the 
focus is on the synthesis of low symmetry Pcs of the type ABBB product with only 
one carboxyl group, which may then be selectively coupled to amino functionalized 
nanoparticles via amide bond formation. 
Symmetrically substituted phthalocyanine complexes have been extensively 
researched [69-72], however, they lack binding selectivity [73]. Asymmetrically 
substituted phthalocyanines offer the possibility of improving selectivity since 
groups with different physico-chemical properties may be attached to the ring,  
allowing for further conjugation with nano-materials [74-80], or other molecules of 
biological importance such as proteins and peptides [81]. Unsymmetrically 
substituted Pcs have thus become of increasing interest in fields such as non-linear 
optics [82], photodynamic therapy (PDT) of cancer [83, 84], in the development of 
ordered phthalocyanine Langmuir–Blodgett thin films [85] and for dye sensitized 
solar cells [86]. Of particular importance are derivatives bearing one reactive 
electrophilic or nucleophilic substituent [87]. For PDT applications, phthalocyanines 
tend to show poor selectivity for tumours. This may be overcome by incorporating a 
substituent (functional groups such as carboxyl, thiols, sulfo or amino group) 
capable of covalently binding the molecule to a suitable carrier, e.g. nanomaterials, 
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antibodies, lipoproteins and membrane proteins, which then directs the sensitizer to 
the tumour without affecting the normal surrounding tissue [88]. 
 
1.1.4 Axial ligation in phthalocyanines 
MPc complexes containing Si(IV), Ge(IV), Sn(IV), Ga(III) etc., as central metals 
capable of binding one or two ligands in the axial position (Scheme 1.2), are of great 
interest since axial ligands prevent aggregation through steric hindrance [89-92]. 
Studies have also shown that zinc [92] and iron [93] phthalocyanine complexes can 
axially coordinate cyano and pyridine groups leading to very stable complexes.
Cl
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N
Si N
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Cl2SiPc
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Scheme 1.2: Axial substitution on dichloro (Cl2SiPc) and ((OH)2SiPc) dihydroxy 
silicon phthalocyanines 
SiPc in particular can coordinate a wide variety of ligands through reaction 
pathways as illustrated in Scheme 1.2 [94-96]. Most liquid alcohols successfully react 
with dihydroxyl silicon phthalocyanine or dichloro silicon phthalocyanine without 
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the need for an additional solvent. Solid acids need a solvent but liquid acids will 
most likely form silylester when reacted with dichloro silicon phthalocyanine. 
Rafaeloff et al. [95] reported on a simple reaction between glacial acetic acid with 
dichloro silicon phthalocyanine to produce a silyl ester, showing the ease of 
introducing acids to SiPc via axial ligation. Kenney and co-workers [97] have 
reported on a very effective PDT agent commonly referred to as Pc-4 (see Table 1.1). 
The aim of the thesis is to introduce RSH groups to SiPcs to allow for coordination to 
Au or Ag NPs. The ease of axial ligation serve as advantage to introduce ligands 
with RSH groups, compared to peripheral substitution on the ring with RSH groups 
which is difficult and challenging. 
Peripherally alkylthiol-substituted Pcs are more difficult to synthesize and handle 
due to possible formation of Pc to Pc disulfide bonds. In this thesis, low symmetry 
phthalocyanines containing both carboxylic acid and amino functionalities and their 
conjugates to AgNPs are presented for the first time. 
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1.1.5 Known examples low symmetry and axial ligated SiPc  of interest in this 
thesis 
Table 1.1 shows low symmetry phthalocyanines consisting of a carboxylic functional 
group or an alkylthiol group and a symmetrical silicon Pc axially ligated with alkyl 
groups. 
 
Table 1.1: A selection of known low symmetry phthalocyanines consisting of 
either a carboxylic or alkylthiol groups and a selection of axially ligated silicon Pc 
complexes. 
Chemical structure metal reference 
N
N
N
N
N
N
N
N
M
S
N
S
N S
N
O
COOH  
Zn (1) 
 
 
 
Mg (2), Al 
(3), H2 (4) 
[98] 
 
 
 
 
[99] 
N
N
N
N
N
N
N
N
M
S
N
S
N S
N
O
COOH
+
+
+
 
 
Mg (5), Al 
(6), H2 (7) 
 
 
[99] 
 
N
N
N
N
N
N
N
N
M
OR
OROR
RO
OR
RO
COOH
R1
R2
R2
R=
R1= H
R2=OCH3 
Zn (8) [100] 
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O
Ph
Ph
COOH
N
N
N
N
N
N
N
N
M
R1
R2R1
R2
R2
R1 R1=R2=
R1=H, R2=
 
Zn (9) 
 
 
 
 
Zn (10) 
[101] 
 
COOH
COOH
N
N
N
N
N
N
N
N
M
R1
R2R1
R2
R2
R1
O
Ph
Ph
R1=R2=
R1=H, R2=
 
Zn (11) 
 
 
 
 
 
Zn (12) 
[101] 
 
O
COOH
O
N
N
N
N
N
N
N
N
M
R1
R2R1
R2
R2
R1 COOH
R1=R2= H  
Zn (13) [102] 
O
O
N
N
N
N
N
N
N
N
M
R1
R2R1
R2
R2
R1 COOH
R1=H, R2= 
 
Zn (14) [102] 
N
N
N
N
N
N
N
N
M
COOH
 
Zn (15) [103] 
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COOH
N
N
N
N
N
N
N
N
M
 
Zn (16) [104] 
COOH
N
N
N
N
N
N
N
N
M
 
Zn (17) [104] 
S
S S
COOH
N
N
N
N
N
N
N
N
M
O
 
Co (18) [105] 
S
S S
N
N
N
N
N
N
N
N
M
COOH
 
Zn (19), H2 
(20) 
 
[106] 
N
N
N
N
N
N
N
N
M
COOH
O
O
O
 
Zn (21), H2 
(22) 
 
 
Mg (23) 
[107] 
 
 
 
[108] 
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N
N
N
N
N
N
N
N
M
O
O
COOH
O
O
O
 
 Zn (24), H2 
(25) 
 
 
Mg (26) 
[107] 
 
 
 
[108] 
 
 
O
N
F
O
N
F
O
N
F
N
N
N
N
N
N
N
N
M
COOH
F
F
F
F
F
F
 
Mg (27) , Zn 
(28), H2 (29) 
 
 
 
[109] 
N
N
N
N
N
N
N
N
M
H
13
C
6
O
OC
6
H
13
OC
6
H
13
H
13
C
6
O
OC
6
H
13
H
13
C
6
O
COOH
 
Zn (30) [110] 
O
O O
N
N
N
N
N
N
N
N
M
O
COOH
 
Zn (32) [110, 111] 
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N
N
N
N
N
N
N
N
M
N
H
SH
O
O
O
O
 
Zn (33) [112] 
N
N
N
N
N
N
N
N
M
(CH
2
)
9
SH
H
13
C
6
C
6
H
13
C
6
H
13
H
13
C
6
C
6
H
13
H
13
C
6
H
13
C
6
 
Zn (34) [113] 
 
H2 (35) [114] 
N
N
N
N
N
N
N
N
O
O
O
SH
O
SH
O
O
M
SH protected with OCCH3
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OR
OR
N
N
N
N
N
N
N
Si N
N
N OH
O
O
OH
N
O
N
OH
N
OH
OHR =
N
O
O
N
O
N O
OO
O O
N
H
R2
R2
R1
n
 
n = 1, R1 = R2 = H
n = 2, R1 = R2 = H
n = 2, R1 = Cl, R2 = H
n = 2, R1 =OMe, R2 = H
n = 2, R1 = R2 = OMe
 
(36) 
 
(37) 
 
 
(38) 
 
 
(39) 
 
 
 
(40) 
 
 
(41) 
 
(42) 
 
 
 
 
 
 
(43) 
(44) 
(45) 
(46) 
(47) 
[115] 
 
 
 
 
 
 
 
 
 
 
 
[116] 
 
 
[117] 
 
[116] 
 
 
 
 
 
 
[118] 
OH
Si
O
N
N
N
N
N
N
N
Si N
N
 
(48) [97] 
 
 
The aim of this thesis was to synthesize low symmetry phthalocyanine complexes 
with only one carboxylic functional group to be conjugated to amine functionalized 
metal nanoparticles via amide bond linkages. A number of low symmetrically 
substituted phthalocyanines with only one carboxylic group have been reported in 
literature [98-111], Table 1.1. Various substituents at the peripheral position in 
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conjunction with the monocarboxyl group were incorporated into the 
phthalocyanine ring to enhance solubility of the ring systems. As Table 1.1 shows, 
mainly ZnPc derivatives have been reported containing monocarboxyl, while there 
are no reports on Si, Ti and  Ge, thus the synthesis of low symmetry (with 
monocarboxy) phthalocyanines containing of Sn(IV), Ti(IV) and Ge(IV) is presented 
in this thesis. The synthesis of low symmetry phthalocyanines consisting of a 
cysteinyl moiety with both carboxylic and amino groups is reported for the first time 
in this thesis. The complexes were designed for the dual purpose of using either the 
carboxy or the amino group on the surface of the nanoparticles to form a conjugate. 
As Table 1.1 shows, there are very few Pcs containing RSH groups [112-114] due to 
the difficulties encountered during synthesis, as discussed above. Silanols have 
probably been the most successful of the silicon phthalocyanines used in 
photodynamic therapy (PDT) [97]. Many axially ligated silicon phthalocyanine 
derivatives have been reported but not containing RSH groups [115-118]. This work 
therefore employs SiPcs axially ligated with RSH groups for attachment to NPs. This 
complex is reported for the first time, in this thesis.  
Phthalocyanines synthesized in this thesis are shown in Table 1.2. The complexes 
are:  
Tris {9 (10), 16 (17), 23 (24)-[(4-phenoxy)-2-(4-cysteinyl)] phthalocyaninato} Zn, 
Ge(OH)2, TiO and Sn(OH)2 (abbreviated as ZnMCsPc (49), (OH)2SnMCsPc (50), 
(OH)2GeMCsPc (51), OTiMCsPc (52)) 
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Hexakis {9; 10, 16; 17, 23; 24 – [1,2-bis-(diethylaminoethylthiol)]-2-(4-
phenoxycarboxy) phthalocyaninato} Zn , Ge(OH)2, TiO,  and Sn(OH)2 (abbreviated 
as ZnMPCPc (53), (OH)2SnMPCPc (54), (OH)2GeMPCPc (55), OTiMPCPc (56)). 
Tris {9 (10), 16 (17), 23 (24)-[4-(2-diethylaminoethanethiol)-2-(4-carboxy)] 
phthalocyaninato} Zn, Ge(OH)2, TiO,  and Sn(ac)2. [Abbreviated as ZnMCPc (57), 
(ac)2SnMCPc (58), (OH)2GeMCPc (59), OTiMCPc (60) and bis-(1,6-hexane dithiol) 
SiPc  (abbreviated as SiHDTPc (61)].  
 
Amino, carboxylic and thiol functional groups are good stabilizers for numerous 
metal nanoparticles [119-127], hence our interest in this thesis. The remaining 
substituents are used for increased solubility, their ability to shift the Q band to the 
red of absorption spectra (required for PDT), and the sulphur and nitrogen atoms 
which are capable of co-ordination to Au and Ag NPs. 
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Table 1.2: List of phthalocyanine complexes synthesized and used in this thesis 
Chemical structure metal 
O
O
S
N
N
N
N
N
N
N
N
M
NH
2
COOH
O
 
 
 
Zn (49) 
(OH)2Sn (50) 
(OH)2Ge (51) 
OTi  (52) 
S
N
S
N
S
N
S
N
O
N
N
N
N
N
N
N
N
COOH
S
N
S
N
M
 
 
 
 
 
Zn (53) 
(OH)2Sn (54) 
(OH)2Ge (55) 
OTi  (56) 
S
N
S
N
N
N
N
N
N
N
N
N
M
COOH
S
N
 
 
 
 
 
Zn (57) 
(Ac)2Sn (58) 
(OH)2Ge (59) 
OTi  (60) 
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1.1.6 Electronic absorption spectra of phthalocyanines 
Phthalocyanines are known to have high molar extinction coefficients, in the order 
105 M-1.cm-1 [17]. Their spectra are characterized by two main distinct absorption 
bands that arise as a result of π-π* transitions within the delocalized 18π electron 
system of the ring Fig. 1.3. 
 
 
Figure 1.3: Ground state absorption spectra of metallated ((a) black) and 
unmetallated ((b) red) Pc 
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Fig. 1.3 shows a significant difference between the absorption spectra of metallated 
(a) and unmetallated (b) Pcs. There is a split in the Q-band in the absorption 
spectrum of the unmetallated phthalocyanine due to its D2h symmetry, as a result of 
the presence of the two protons at the core of the ring. The lowest unoccupied 
molecular orbital (LUMO) is non-degenerate (Fig 1.4) for H2Pc giving rise to two 
allowed electronic transitions of different energy levels. The metallated Pc show an 
unsplit Q-band since there is only one allowed transition, due to the inherent D4h 
symmetry, and the degenerate nature of the LUMO. 
 
Figure 1.4: Electronic transitions in phthalocyanine complexes that results in Q 
and B bands 
The highly intense band that is observed towards the near infrared region of the 
spectrum is known as the Q-band (Q00) and it is due to transitions taking place from 
the a1u of the highest occupied molecular orbital (HOMO) to the eg of the LUMO, 
Fig.1.4. The second band, of lower intensity, observed in the region between 300 to 
400 nm is known as the B-band (or Soret band) and it is a superimposition of B1 and 
B2 bands [16, 17, 128]. There are also three bands that are normally observed towards 
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the UV region, the N, L and C bands, which are mainly observed when using 
transparent solvents. The charge transfer (CT) absorption bands Fig.1.3 are not 
commonly found in all phthalocyanine complexes, and these are only observed 
when the metal d-orbitals lie within the HOMO-LUMO gap Fig. 1.4 [129,130]. They 
can be assigned either to the metal to ligand (MLCT) or ligand to metal charge 
(LMCT) transfers. 
 
Figure 1.5: UV-vis absorption spectra of Ni(II)2α-trimethylsilylethynylPc and 
Ni(II)1α-trimethylsilylethynylPc complexes [68, 131]. 
With low symmetry phthalocyanines, splitting and broadening of the Q-band is 
observed in numerous cases (Fig. 1.5). Kobayashi and co-workers have explained 
this behaviour in terms of differences in the electron donating or electron 
withdrawing behaviour of the substituents at the periphery [68, 131]. The splitting of 
the Q-band strongly depends on the position of substitution, whether it is β or α 
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substituted. To date, the optical properties of low symmetry phthalocyanine have 
not been fully exploited and hence there is no clear trend in terms of the splitting 
observed in the Q-band. 
1.1.7 Aggregation of phthalocyanines 
Figure 1.6: Absorption spectra of a typical aggregated phthalocyanine; before 
(solid line) and after addition of a surfactant (dotted line) 
Aggregation in phthalocyanines generally occurs as a result of the co-planar 
association of phthalocyanine rings progressing from a monomer (lower energy) to a 
dimer (near 630 nm) and higher order aggregates (at high energy) [132-135]. This 
may be due to highly concentrated MPc solutions, which brings the neighbouring 
MPc rings into close proximity. Fig.1.6 shows absorption spectra of an aggregated 
phthalocyanine in water (solid line) and in the presence of a surfactant (dotted line). 
It is observed that in the presence of a surfactant there is almost a complete collapse 
in the band due to aggregates (dimer), while the band due to the monomer is more 
pronounced.  
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Figure 1.7: Energy diagram showing the split in energy levels of the LUMO upon 
aggregation 
Aggregation in Pcs can also be due to the formation of metal bridges using a ligand 
[136-139]. According to the exciton coupling theory [138, 139], Fig. 1.7, when two 
adjacent MPc complexes interact there is an appearance of four degenerate states 
leading to broadening of spectra showing that aggregates have been formed. The 
four degenerate states arise from the splitting of 1Eu excited states, resulting in a pair 
of symmetry allowed transitions (solid arrows) and a pair of symmetry forbidden 
transitions (dotted arrows). The transitions that are symmetry forbidden will still 
occur to a small extent, resulting in the spectral behaviour shown in Fig. 1.6, which is 
either broadening of the spectra, or complete splitting of the Q-band and finally  
shift in the Q-band to higher energies. The nature of a solvent also plays a huge role 
in aggregation of Pc complexes. Aggregation is more highly pronounced in polar 
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solvents than in non-polar solvents. When polar solvents are used there are stronger 
interactions that occur between the Pc rings.  
 
1.2 Photophysical and photochemical parameters 
1.2.1 Photophysical parameters 
A F
P IC
IC
VR
ISC
S0
S1
T1
VR
T2
Energy
 
Figure 1.8:  The Jablonski diagram displaying transitions of a molecule from its 
lower energy ground state to its higher energy excited state following irradiation 
with light; A = absorption, VR = vibrational relaxation, ISC = intersystem 
crossing, F = fluorescence, IC = internal conversion, P = phosphorescence, S0 = 
singlet ground state, S1  = singlet excited state and T1 = 1st excited triplet excited 
state, T2 = second excited triplet state. 
The photophysical and photochemical behaviour of phthalocyanines can be simply 
explained by the Jablonski diagram Fig. 1.8 [140].  
When a molecule absorbs light (A) its electrons are excited causing the overall 
excitation of the molecule from its lower energy singlet ground state (S0) to a higher 
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vibronic energy level of the first singlet excited state (S1). The molecule will then lose 
energy from the higher vibronic level through some vibrational relaxation processes 
(VR) to a lower vibronic energy level. From the lowest vibronic level of (S1), the 
molecule can undergo (i) fluorescence (F) to the ground state (S0), (ii) give off energy 
by non-radiative release of heat to its surroundings through internal conversion (IC) 
or, (iii) undergo intersystem crossing (ISC) to the 1st excited triplet state energy level 
(T1). The change in multiplicity taking place in ISC is spin-forbidden according to 
the selection rules, though it still occurs to some extent as a result of the spin-orbit 
coupling (SOC). Paramagnetic compounds or atoms with high nuclear charge (heavy 
atoms) such as indium [141, 142] enhance ISC in phthalocyanines. From the triplet 
state the molecules will still lose energy via IC or emit light through the process of 
phosphorescence (P). When the ground state molecular oxygen is present in the 
system, the Pc molecule can transfer its energy to ground state molecular oxygen to 
produce singlet oxygen through photosensitization.  
 
1.2.1.1 Fluorescence quantum yields and lifetimes 
Fig. 1.9 displays the typical absorption, fluorescence emission and excitation spectra 
obtained for an MPc complex. The fluorescence of MPcs is observed at longer 
wavelengths compared to the absorption spectrum and is a mirror image of the 
absorption spectrum for non-aggregated complexes. The fluorescence excitation is 
identical to the absorption spectrum for non-aggregated Pcs [143]. For aggregated 
complexes the absorbance is observed as non-mirror image to the fluorescence 
emission spectra because dimers are known to be non-photoactive [144]. 
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Figure 1.9: The typical ground state electronic absorption (black line), fluorescence 
excitation (blue line) and emission (red line) of an MPc 
Stoke’s shifts in MPc complexes are estimated by calculating the distance between 
the Q-band absorption spectrum and the fluorescence spectrum maxima, provided 
the molecule has exactly the same absorbance maxima to the excitation spectrum. 
Stoke’s shifts of less than 10 nm are generally observed for Pc complexes, however 
this value can be affected significantly by the rigidity of the environment, solvent 
polarity or viscosity and temperature.  
Fluorescence quantum yields and lifetimes are photophysical properties that 
determine and quantify the efficiency of light emission by a molecule. For 
phthalocyanine complexes the fluorescence quantum yields and lifetimes can vary 
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greatly depending on the nature of substituents, central metal, refractive indices of 
the solvents, pH used and temperature [145]. 
The fluorescence quantum yield (ΦF) can be generally defined as the number of 
photons emitted relative to the number of photons absorbed and this is illustrated in 
Equation 1.1. 
 
       1.1 
 
Fluorescence quantum yields (ΦF) may be determined by comparative methods [146, 
147] using the fluorescence quantum yield of a known Pc as a standard. In this work 
ZnPc in DMSO has been used (ΦF) = 0.20 [148]. The quantum yield of fluorescence is 
then calculated according to Equation 1.2.  
1.2 
 
where F and FStd are the areas under the fluorescence curves of the MPc derivatives 
and the standard used. A and AStd are the absorbances of the sample and reference at 
the excitation wavelength, and n and nStd are the refractive indices of solvents used 
for the sample and standard, respectively.  
Fluorescence lifetimes are usually performed in either the frequency [149-151] or 
time domains [152, 153], although other techniques involving multi-pulse 
measurements have also been demonstrated [154]. Time domain measurements are 
more commonly used. The equipment used for time-domain measurements is based 
F =
 No. of emitted photons
 No. of absorbed photons
2
2
..
..
stdstd
stdstd
FF
nAF
nAF

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on gating the fluorescence signal using either time-correlated single-photon counting 
(TCSPC) techniques [151, 155] (Fig. 1.10) or gated image intensifiers [152]. 
Fluorescence lifetime determinations can also be made using the absorbance and 
emission spectra of MPcs [156-158] which is based on application of the Strickler-
Berg equation [159]. 
In this thesis, the time–correlated single photon counting technique (TCSPC) is used 
[151, 155]. 
 
 
 
 
 
 
 
 
 
Figure 1.10: Photoluminescence decay curve of a typical MPc in solution 
 
Fluorescence lifetimes for MPc complexes are short, with a typical time scale of the 
order of picoseconds (ps, 10-12) to nanoseconds (ns, 10-9) [145, 160]. 
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1.2.1.2 Triplet state quantum yields and lifetimes 
The triplet quantum yields can be defined as the ability of a photosensitizer to 
populate the first excited triplet state (T1). The excited state of a photosensitizer can 
be studied using a technique known as laser flash photolysis. This technique 
provides information on the molecules that are undergoing intersystem crossing 
(ISC) to the triplet state. The triplet-triplet absorption from T1 to a higher energy 
state Tn, Fig. 1.8, is monitored [161]. A triplet decay curve from the laser flash 
photolysis experiment is obtained as a plot of change in absorbance (A) versus time 
in seconds, Fig. 1.11. From the triplet decay curve in Fig. 1.11, lifetimes of the triplet 
state may be obtained. For most Pcs the triplet-triplet absorption is observed in the 
region of approximately 500 nm. 
 
 
 
 
 
 
 
Figure 1.11: A typical triplet decay curve of an MPc following laser flash 
photolysis 
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The triplet lifetimes (τT) of the transients are conveniently determined by using a 
software program such as Origin Pro 8 to the triplet decay curve (red line shows 
fitting), as shown in Fig. 1.11.  
The triplet quantum yield (ΦT) can be determined using comparative methods [162], 
which involves the use of a known triplet yield (ΦT) of a standard. Triplet yields are 
then calculated using Equation 1.3 
      
        1.3 
where ΔAT and 
std
TA are the changes in triplet state absorbance of a Pc molecule and 
the standard respectively. εT and 
std
T are the triplet state molar extinction coefficients 
for the Pc molecule and the standard, respectively. stdT is the triplet quantum yield 
of the standard. The values of T and 
std
T are normally determined by use of the 
singlet depletion method [163], using Equations 1.4 and 1.5. 
 Δ
 Δ
S
T
ST
A
A
            1.4 
Std
S
Std
TStd
S
Std
T
A
A
Δ
Δ
            1.5 
this involves the use of the change in absorbance of the ground singlet states of both 
the sample (ΔAS) and the standard (
Std
SA ), the changes in the triplet state 
absorptions of the sample (ΔAT) and the standard (
Std
TA ) and the molar extinction 
T
std
T
std
TTstd
TT
A
A


.
.



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coefficients of their singlet ground state for both the sample (S)and the standard (
Std
S ). 
Assuming no energy loss by internal conversion, the triplet state yield and 
fluorescence are two complementary photophysical processes and they should sum 
up to one. It is expected that high triplet state quantum yield (ΦT) values are 
accompanied by low fluorescence yields (ΦF) and vice versa.  
 
1.2.2 Singlet oxygen quantum yields 
The ability of a photosensitizer to absorb light and produce cytotoxic singlet oxygen 
serves as a selective tool for photodynamic therapeutic applications. 
A F
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Figure 1.12:  The Jablonski diagram displaying energy transfer (ET) from an 
excited photosensitizer (3MPc*) to ground state molecular oxygen (3O2) leading to 
the production of singlet oxygen (1O2) 
The process of photosensitization is shown in Fig. 1.12. The excited triplet state 
molecule (3MPc*) transfers its energy to ground state triplet molecular oxygen (3O2), 
CHAPTER 1  INTRODUCTION  
32 
 
since the energy of the triplet state molecule (3MPc*) is higher (~110 – 126 kJ mol-1) 
than the energy required (~94 kJ mol-1) for the excitation of ground state molecular 
oxygen [164, 165] to form excited singlet oxygen (1O2).  
        MPc 
(ground state)
h                    1MPc* 
(singlet excited sate)
                  3MPc* 
(triplet excited state)
                  3MPc* 
(triplet excited state) + 3O2 (
3g)
        MPc 
(ground state) +
1O2 (
1g)
1O2 (
1g) + Substrate Substrate(ox)
Scheme 1.3: Type II mechanism for the photoreaction of MPc leading to the 
production singlet oxygen 
The mechanisms involved in the singlet oxygen generation process includes the 
Type II mechanism, Scheme 1.3 [166]. There are other mechanisms through which 
the photosensitization process could occur, these may be either via the Type I or 
Type III processes. Type I mechanisms involve free radicals [167], while in Type III, 
electron transfer from the substrate to the excited state sensitizer may occur [168]. 
The involvement of the Type II mechanism is widespread in oxygen-rich and air 
saturated environments where the oxygen concentration is very high. It is believed 
that the Type II mechanism is a dominant singlet oxygen production pathway in 
photosensitization reactions.  
Experimentally, singlet oxygen quantum yields of phthalocyanines can be 
determined using optical or chemical methods [169]. The chemical method requires a 
suitable singlet oxygen sensitive compound (quencher) that can react quickly with 
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the singlet oxygen in a 1:1 ratio without any side reactions. It is expected that the 
decomposition product of the quencher should neither react with the singlet oxygen 
nor interfere with the monitoring process. The chemical method does not require 
extensive and expensive instrumentation, thus it is used in this thesis. The 
experiment is usually carried out by irradiating a sample solution containing the 
phthalocyanine, oxygen and the quencher. The degradation of the quencher is 
usually monitored spectrocoscopically [170, 171]. The most common chemical 
quencher in organic solvents is 1,3-diphenylisobenzofuran (DPBF). However, other 
furans as well as derivatives of anthracene, guanine and bilirubin have been used 
[170, 172, 173]. In water, the commonly used chemical quencher is anthracene-9,10-
bis-methylmalonate (ADMA). 
The singlet oxygen quantum yields (∆) of the phthalocyanines can then be 
calculated using a comparative method based on Equation 1.6  
abs
Std
Std
absStd
IR
RI
.            1.6 
where ∆Std is the singlet oxygen quantum yield of a known standard,  R and RStd are 
the singlet oxygen quencher photobleaching rates in the presence of the respective 
MPcs under investigation and of the standard respectively.  Iabs and IabsStd are the 
rates of light absorption by the MPcs and the standard, respectively.   
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Alternatively, absolute methods based on Equation 1.7 can be used.  
        1.7 
where C0 and Ct are the concentrations of the chemical quencher prior to and after 
irradiation, respectively; VR is the solution volume; t is the irradiation time per cycle 
and  is defined by Equation 1.8: 
A
abs N
α.A.I
  I             1.8 
where α = 1 – 10-A() , A() is the absorbance of the sensitizer at the irradiation 
wavelength, A is the irradiated area,  I is the intensity of light expressed as  photons  
cm-2 s-1) and NA is Avogadro’s constant.  The singlet oxygen quantum yields  can 
then be calculated using equation 1.9 [174].  
 =  + . .        1.9 
where kd is the decay constant of singlet oxygen in respective solvent and ka is the 
rate constant of the reaction of the quencher with O2(1g). The intercept obtained 
from the plot of 1/ versus 1/[quencher] gives 1/. 
Photophysical and photochemical data on low symmetry phthalocyanine complexes 
are scarce, as shown in Table 1.3 [99, 98, 103, 107-109, 117, 118, 175-177]. 
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Table 1.3: Some photophysical and photochemical properties of phthalocyanines 
of interest in this thesis 
Compound Solvent ɸT ɸ ɸF F T reference 
(2) 
(3) 
(4) 
(5) 
DMSO 
DMSO 
DMSO 
H2O 
H2O 
Triton X 
0.35 
0.40 
0.37 
0.29 
0.31 
- 
- 
- 
- 
- 
0.23 
0.11 
0.10 
0.01 
0.07 
4.95 
4.70 
3.57 
2.22 
4.16 
140 
110 
110 
50 
70 
[99] 
(1) DMF 
DMSO 
Chlorofor
m 
THF 
0.68 
0.82 
- 
- 
0.63 
0.64 
0.49 
0.62 
0.25 
0.16 
- 
- 
- 
- 
- 
- 
8 
230 
5 
5 
[98] 
(34) Ethanol - 0.45 - 2.1;1.11 - [175] 
(35) Toluene - - - 4.99 - [176] 
(22) 
(21) 
(23) 
(25) 
(24) 
(26) 
THF 
THF 
THF 
THF 
THF 
THF 
0.63 
0.71 
0.56 
0.66 
0.75 
0.65 
0.55 
0.60 
0.45 
0.56 
0.62 
0.58 
0.16 
0.10 
0.23 
0.05 
0.12 
0.21 
2.4 
2.3 
5.1 
2.5 
2.5 
5.2 
320 
360 
260 
320 
450 
360 
[107] 
[108] 
(29) 
(28) 
 
(27) 
 
DMSO 
DMSO 
Methanol 
DMSO 
Methanol 
0.62 
0.74 
- 
0.49 
- 
- 
- 
- 
- 
- 
0.09 
0.20 
0.01 
0.52 
0.55 
2.8;1.2 
2.7 
2.9 
5.1 
5.3 
150 
240 
- 
275 
20 
[109] 
(15) DMSO - 0.73 0.17 2.7 - [103] 
(41) DMF - 0.04 0.03 2.54 - [117] 
(48) Methanol - 0.366 - - - [177] 
(43) 
 
(44) 
 
(45) 
 
(46) 
 
(47) 
DMF 
+HCl 
DMF 
+HCl 
DMF 
+HCl 
DMF 
+HCl 
DMF 
+HCl 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.06 
0.34 
0.03 
0.38 
0.07 
0.65 
0.04 
0.36 
0.06 
0.47 
0.04 
0.30 
0.01 
0.28 
0.01 
0.30 
0.01 
0.29 
0.02 
0.26 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
[118] 
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It has been reported that reducing the symmetry on the phthalocyanine macrocycle 
can improve their photophysical and photochemical behaviour [178], thus our 
interest in these type of complexes in this thesis, in addition to their co-ordination to 
NPs. 
 
1.3 Nanoparticles 
At the dawn of the 21st century, the area of nanoscience and nanotechnology became 
a versatile platform for modern research at the interface of chemistry, physics, 
materials and the biomedical sciences [179, 180]. 
 
1.3.1 Metal nanoparticles (MNPs) 
Particles with sizes in the range of 1–100 nm are called nanoparticles (NPs). They are 
intermediate in size between individual atoms and bulk material. 
NPs are divided into metallic, non-metallic, semiconductor and organic NPs. They 
have unique characteristics mostly due to their high surface-to-volume ratio. 
Metallic NPs are good representatives of NPs, possessing unique optical, electronic, 
chemical and magnetic properties that are extraordinarily different from those of the 
individual atoms and their bulk counterparts [181, 182]. 
Metal nanoparticles have been of great interest for decades due to the novel 
properties associated with their reduced dimensions and have found wide range of 
applications in areas such as catalysis [183, 184], electronics [185, 186], photonics 
[187], optoelectronics [188], information technology [189], sensing [190–192], and 
medicine [193–195]. 
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1.3.1.1 Properties and applications of gold (AuNPs) and silver (AgNPs) 
nanoparticles 
Solutions of liquid gold were first mentioned in Africa and Asia, by Egyptian and 
Chinese authors around the 5th century BC. In fact Ancients believed in their 
metaphysical and healing powers [196]. 
Colloidal gold and silver have been used since Ancient Roman times to colour 
glasses with intense shades of yellow, red and orange, depending on the 
concentration of the two metals. The famous Lycurgus Cup in the British Museum, 
dated 4th century AD [197], was made of gold colloids. In the middle ages, gold 
colloids were used in medicine [196], with many other ancient civilizations 
developing gold NPs for various applications [198-201]. 
Gold and silver NPs are at the forefront of the nanotechnology research because of 
their wide range of applications in areas such as catalysis [202], nano-electronics 
[203], medical diagnostics and biological imaging [204]. Ease of chemical synthesis 
and minimal toxicity as compared to some other nanomaterials is an attractive 
advantage of the Au and Ag NPs [205].  
Gold nanoparticles have had a profound impact on a variety of scientific disciplines 
such as catalysis [206], drug activity enhancement [207], DNA detection and disease 
diagnosis [208], surface-enhanced plasmon sensing [209], and for the construction of 
nano devices such as light emitting diodes and solar cells [210].  
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Figure 1.13: UV-vis absorption spectra of various sizes of AgNPs prepared using 
various conditions [213]. Insert different colours for the AgNPs solution. 
The optical properties of silver and gold nanoparticles are tuneable throughout the 
visible and near-infrared region of the electromagnetic spectrum as a function of 
nanoparticle size, shape, aggregation states and local environment [119-127, 211-
214]. The absorption bands result when the incident photon frequency is resonant 
with the collective oscillations free electrons of the conduction band, and this is 
known as the localized surface plasmon resonance (SPR) [215, 216].  
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Figure 1.14: Surface-plasmon resonance (SPR) of spherical metal nanoparticle [215, 
216]. A dipole is induced and oscillates in phase with the electric field of the 
incoming light. 
Fig. 1.14 shows surface-plasmon oscillation [215, 216] for metallic NPs. The electric 
field of an incoming light wave induces polarization of the free electrons with 
respect to the much heavier ionic core of a spherical NP. The positive charges in the 
NP are assumed to be immobile and the negative charges move under the influence 
of external fields. Displacement of the negative charges from the positive occurs 
when the metallic NP is placed in an electric field. This results in a net charge 
difference at the NP boundaries, giving rise to a linear force to restore the system. As 
a consequence, a dipolar oscillation of the electrons is created and is known as the 
surface-plasmon oscillation. The collective oscillation of the electrons is also 
sometimes denoted as the dipole-particle plasmon resonance to differentiate 
between the plasmon excitations that occur in bulk-metal surfaces. SPR is the 
coherent excitation of all the free electrons within the conduction band, leading to an 
in-phase oscillation [216]. 
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1.3.1.2 Synthesis of gold and silver nanoparticles 
Massive efforts have been directed at the methodologies employed in the synthesis 
of metal nanoparticles with well controlled sizes, shapes (Fig. 1.15), compositions, 
and surface chemistries, and tailored properties [119-127, 213]. Among these 
parameters, shape control represents one of the most powerful means to tune the 
properties of the nanoparticles over a broad range, leading to improvement in their 
performance in a number of applications. 
A variety of instrumental techniques have been employed in the characterization of 
gold and silver nanoparticles. Due to different geometric structures and surface 
morphology, scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) has been extensively used to characterise these nanoparticles. 
Beautiful gold and silver NPs with different structural geometries have been 
synthesized and reported in literature [213, 217, 218]. The TEM and SEM images of 
some of the geometric structures obtained for AuNPs and AgNPs are presented in 
Fig. 1.15. 
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Figure 1.15: TEM and SEM images of various shapes of gold and silver 
nanoparticles [213, 217] 
The different shapes of silver in particular have been believed to behave differently 
in antimicrobial inhibition of various bacterial growths [218]. Hence one of our 
interests in this thesis is to use the developed procedures to synthesize AgNPs with 
different shapes and investigate their antimicrobial activities in the presence of low 
symmetry phthalocyanines. Synthetic methodology has been much simplified by the 
pioneering work of Turkevich [219, 220] and Frens [221]. Many papers have been 
published on controlling the size and shape of nanoparticles in both organic and 
aqueous media [222]. Functionalization of gold nanoparticles with organic molecules 
has been carried out via phase transfer catalysis. SH, COOH and NH2 functional 
groups of organic molecules are well known to bind to the surface of Au and Ag 
nanoparticles [213, 217, 223,], hence our interest in Pcs containing these 
functionalities in this thesis. 
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Figure 1.16: Mechanistic formation of various shapes of nanoparticles [217]. PVP = 
Polyvinylpyrrolidone, STP = Sphere to Prism Transformation 
 A useful way to make gold and silver nanocubes and nanoprisms of controllable 
aspect ratio, is through employing the seed-mediated growth method (Fig. 1.16). 
This method includes few a steps: growth of “seed” particles and growth of such 
seeds into prisms. When changing some crucial growth parameters in the seed-
mediated growth, nanoparticles of shapes other than spheres can be easily achieved. 
This indicates that this method is a possible option for the synthesis of gold and 
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silver nanoparticles of other shapes. Polymers such as polyvinylpyrrolidone (PVP) 
are useful in dispersing the seed solution and allowing them to grow to large 
spherical nanoparticles, step 1 (Fig. 1.16 A), thus preventing aggregation into 
clusters. Prism shaped nanoparticles are then obtained by the selective oxidative 
etching with hydrogen peroxide (H2O2) of spherically shaped nanoparticles in the 
presence of sodium citrate (Na3CA). This is referred to as sphere to prism 
transformation (STP), step 2 (Fig.1.16 A). The order in which the sodium citrate is 
introduced into the solution is very important. The introduction sodium citrate after 
etching with hydrogen peroxide will not result in the successful transformation of 
spherical NPs to prisms (STP), step 2 (Fig.1.16 B). This makes the sodium citrate and 
hydrogen peroxide important for STP transformation. Cubic nanoparticles, on the 
other hand, can be obtained by reflux at higher temperatures in the presence of a 
high boiling point solvent such as ethylene glycol (EG) [218].  
 
1.3.1.3 Gold and silver nanoparticle phthalocyanine conjugates 
Through covalent bonding, depending on the functionality of the capping material, 
therapeutic drugs can be chemically linked to the nanoparticles [224-226]. The 
advantage of using nanoparticles for targeting infectious cells is that they are known 
to enhance cell membrane permeability because of their size [227-230]. Cook and co-
workers were the first to report on a direct linkage of zinc phthalocyanines via a 
peripheral thiol groups [175, 231] to AuNPs and they investigated the intracellular 
photodynamic therapy of these chromophores.  
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Table 1.4: Some AuNP-phthalocyanines conjugates reported in literature 
Compound metal nanoparticle reference 
(34)         Zn AuNPs [175] 
(35) H2 AuNPs [176] 
1,4-MPyTiPc Ti AuNPs [232] 
2,3-MPyTiPc Ti AuNPs [232] 
2,3-MPyTaPc Ta AuNPs [232] 
α -OTPTaPc  Ta AuNPs [233] 
α -OTOTaPc Ta AuNPs [233] 
Q-TDEMgPc 
Q-TDEAlPc 
Mg 
Al 
AuNPs [234] 
ZnPc(SPh)4 Zn AuNPs 
 
[235] 
THDTZnPc Zn AuNPs [236] 
ZnTBMPc Zn AuNPs 
 
[237] 
ZnTSPc + Polylysine Zn AuNPs and 
AgNPs 
 
[238] 
(28) + Polylysine Zn AuNPs and 
AgNPs 
[238] 
(48) Si AuNPs [239] 
C11Pc Zn AuNPs 
 
[240] 
THDTZnPc Zn AuNPs 
 
[241] 
(33) Zn AuNPs [112] 
CoTAPc Co AuNPs and 
AgNPs 
[242] 
1,4-MPyTiPc =1,(4)-(2-Mercaptopyridine)phthalocyaninato titanium (IV),2,3-MPyTiPc =oxide, 2,(3)-(2-
Mercaptopyridine)phthalocyaninato titanium (IV) oxide, 2,3-MPyTiPc =2,(3)-(2-Mercaptopyridine)phthalocyaninato tantalum 
(V)Hydroxide, α -OTPTaPc = α-Octa-pentylthioTaPc, α -OTOTaPc = α-Octa-octylthioTaPc, Q-TDEMgPc= Quaternized 2,(3)-
tetra[2-(dimethylamino) ethanethio Mg(II)Pc, Q-TDEAlPc= Quaternized 2,(3)-tetra[2-(dimethylamino) ethanethio Al(III)Pc, 
ZnPc(SPh)4= Tetraphenyl thio ZnPc, TBMPc= tetra-benzylmercapto phthalocyanine, TSPc= Tetrasulfonated 
phthalocyanine,C11Pc = tetradecakisdecyl-25,25-(11,11dithiodiundecyl) diphthalocyanine, THDTZnPc =[2,9,17,23-Tris-(1,6-
hexanedithiol)phthalocyaninato]zinc(II), TAPc = Teraamino phthalocyanine 
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Table 1.4 shows some phthalocyanine AuNPs conjugates studied in literature [112, 
175, 176, 232-242]. There are only a few reports on low symmetry Pc-AuNP 
conjugates, and to the best of our knowledge, only two reports exist on Pc-AgNP 
conjugates using symmetrically substituted Pcs.  As Table 1.4 shows, the central 
metal is mainly Zn with a handful of reports on Ti, Ta and Si substituted Pcs. This 
thesis expands the number of central metals (incorporated into the Pcs) and 
introduces different ring substituents containing both S and N groups making the 
Pcs available for binding to Au or AgNPs. 
 
1.3.2 Quantum dots (QDs) 
1.3.2.1 Properties and applications  
Quantum dots (QDs) have been widely studied as fluorescence tags in biological 
imaging and labelling due to their highly luminescent properties [243-248] and 
considerable progress has been made in this regard [243-249]. However, the 
development of non-toxic QDs for biological applications still needs attention, thus 
our interest is in the synthesis of less harmful QDs in this thesis. QDs are zero-
dimensional nanostructured materials [250]. These colloidal nanocrystalline 
semiconductors, comprising elements from the periodic groups 12-16 are roughly 
spherical and with sizes typically in the range of 1–10 nm in diameter.  
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Figure 1.17: Band gap in bulk crystals and QDs showing (a) continuous 
conduction and valence energy bands separated by a “fixed” energy gap, Eg(bulk) 
(b) QD characterized by discrete atomic-like states with energies that are 
determined by the QD radius [251]. 
In bulk semiconductors, the band gap width is a fixed parameter (Fig. 1.17), 
determined by the material’s identity and sometimes on temperature and pressure of 
the environment. Electrons normally occupy all states up to the edge of the valence 
band, whereas states in the conduction band are empty. However, the situation 
changes in the case of nanoscale semiconductors. At these small dimensions, the 
regime of quantum confinement is centered where the spatial extent of the electronic 
wave function is comparable with the dot size [251]. As a result, the electronic 
structure is altered from the continuous electronic bands to discrete atomic-like 
states with energies that are determined by the QD radius. These states are well-
separated and can be labelled with atomic-like notations (1S, 1P and 1D) as shown in 
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Fig.1.17 [251, 252]. At such reduced sizes, these nanoparticles behave differently 
from bulk solids due to quantum confinement effects [253, 254]. Furthermore the 
valence and conduction bands break into quantized energy levels [255].  
 
Figure 1.18: Typical absorption (A) and photoluminescence emission spectra of 
QDs in different stages of growth. 
 
The absorption and emission spectra shift to lower energies with an increase in size 
(Fig. 1.18 [256]. The emission spectrum of QDs is a symmetrical, sharp peak as 
shown in Fig.1.18 (B). Fluorescence emission spectra can show high Stokes shifts, 
depending on the relative energies of the trap states compared to the valence and 
conduction band edges.  Quantum confinements are responsible for the remarkable, 
attractive optoelectronic properties exhibited by QDs, including their high emission 
quantum yields, size tuneable emission profiles and narrow spectral bands [251-256]. 
QDs are studied in a variety of fields including biology, biomedical, electronics and 
optoelectronics [257, 258]. For these applications, various types of QDs have been 
synthesized, such as InP, InAs, GaAs, and GaN, as well as porous Si and Si/Ge dots. 
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In addition, the family of Group 12-16 compounds with heavier atoms such as CdTe, 
HgSe or PbSe have been studied due to their optical properties which extend into the 
near-infrared region as shown in Table 1.5 [73-75, 259-270]. There is no data on QD 
core-shell phthalocyanine conjugates reported to date; hence this thesis reports on 
CdTe@ZnS coreshells QDs and their conjugation to low symmetry phthalocyanines 
for the first time. The ZnS shell helps to reduce the toxicity of the CdTe core to some 
extent by the complete covering of the surface of the core, preventing exposure of the 
CdTe surface to the surroundings. 
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Table 1.5: Examples of known MPc-QDs conjugates reported in literature. 
Compound Quantum dots reference 
TmTPyZnPc  CdTe-QD mixed 
(MPA) 
CdTe-QD  mixed 
(TGA) 
 
[259] 
TmTMPyZnPc CdTe-QD  mixed 
(TGA) 
[259] 
TMPAZnPc CdTe MPA QD mixed [260] 
TmTMPy(Cl)Ga Pc   
TmTMPy(Cl)In Pc 
CdTe-QD mixed 
(MPA) 
 
[261] 
TmMTAAZnPc  
OmMTAAZnPc  
CdTe-QD linked 
(MPA) 
 
[262] 
ZnAPPc  
ZnMAPc 
CdTe-QD linked 
(MPA) 
 
[74, 75] 
ZnAPPc CdTe 
MPA 
TGA 
L-cysteine mixed and 
linked 
[74, 75] 
NiTAPc CdTe-QD linked 
(TGA) 
 
[263] 
AlTSPc CdTe MPA 
CdTe TGA 
CdTe L-cysteine 
[264] 
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SiOCPc 
GeOCPc 
AlOCPc 
ZnOCPc 
CdTe L-cysteine 
mixed 
[265] 
ZnTAPc CdTe MPA [73] 
ZnttbIPc CdTe MPA 
Mixed and linked 
[266] 
(48) 
SiPc158 
CdSe TOPO 
CdTe TBPO 
[267, 269] 
αTZnPc 
βTZnPc 
βOZnPc 
 
CdTe MPA and TGA [270] 
(OH)2GePcS4 
(OH)2SiPcS4 
ZnPcS4 
(OH)AlPcS4 
CdTe MPA and TGA [270] 
TmTMPy= tetramethyl-2,(3)-[tetra-(2-mercaptopyridinephthalocyaninato)]zinc(II), TmTMPy= tetramethyl-2,(3)-
[tetra-(2-pyridyloxyphthalocyaninato)zinc(II), TMPAZnPc= 2,(3)-[Tetra-(mercaptopropanoic acid 
phthalocyaninato)zinc(II), TmMTAAZnPc = [2,3-[tetra-(2-mercapto-4-methyl-5-thiazoleaceticacid 
phthalocyaninato)]zinc(II), OmMTAAZnPc= [2,3-[octa-(2-mercapto-4-methyl-5-thiazoleaceticacid 
phthalocyaninato)]zinc(II)], ZnAPPc = Zinc aminophenoxy Pc, ZnMAPc = Zinc monoamino Pc, NiTAPc = Nickel 
tetraamino Pc, AlTSPc = Aluminium tetrasulfonated Pc, OCPc= Octacarboxy Pc, ZnttbIPc=tris[9 (10),16 (17),23 
(24)-tert-butyl]imidophthalocyaninato] zinc (II), SiPc158 =[(dimethyl-silylpropylamine)-hydroxy]SiPc , αTZnPc= 
non peripheral-tetra ( 2-diethylmethylaminoethylsulfanyl) ZnPc, βTZnPc= peripheral-tetra ( 2- 
diethylmethylaminoethylsulfanyl) ZnPc,βOZnPc= peripheral-octa ( 2- diethylmethylaminoethylsulfanyl) ZnPc, 
MPA = Mercaptopropionic acid, TGA = Thioglycolic acid, PcS4 = Tetrasulfonated phthalocyanine, TOPO = 
Trioctylphosphine oxide, TBPO = Tributylphosphine oxide 
 
 
1.3.2.2 Synthesis of quantum dots 
QDs can be grown directly in aqueous solutions through arrested precipitation [271- 
274] which is the most popular method and it is employed in this work. This method 
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has been used to synthesize a wide range of QDs, including CdS, CdSe, CdTe, and 
HgTe. The possibility of controlling the surface charge and other surface properties 
of thiol capped QDs can be achieved through the choice of the stabilizing mercapto-
compounds appropriately functionalized. The leaching of Cd from the surface of 
QDs to the surrounding cell environment is the main problem associated with CdTe 
QDs due to its toxicity. Numerous efforts in reducing the toxicity of CdTe QDs by 
capping with biological molecules or coating with non-toxic shells have been 
reported in literature [243-249]. In this thesis, we therefore adopted some of the 
strategies used in literature to synthesize CdTe QDs with a ZnS shell and an 
additional penta-peptide to enhance its solubility and to minimize the possibility of 
Cd leaching. 
 
1.3.2.3 Föster resonance energy transfer (FRET) 
FRET is a photophysical process through which an electronically excited fluorescent 
donor molecule transfers its excitation energy to an acceptor molecule (as depicted 
in Fig.1.19) [161,275-277] non-radiatively such that the excited state lifetime of the 
donor decreases and the acceptor is raised to a higher energy state.  
The acceptor may or may not be fluorescent and the donor and acceptor 
fluorophores may be separated or attached. Initially, the acronym FRET referred 
specifically to situations where the donor and acceptor pairs were both fluorophores 
but various experiments have shown the same fundamental principles to be obeyed, 
even when there is no fluorescence. Therefore, the acronym FRET has been 
suggested to apply to both specific (fluorescence) and general (Förster) resonance 
energy transfers [278]. 
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Figure 1.19: Förster resonance energy transfer Jablonski diagram illustrating 
coupled transitions between donor emission and acceptor absorbance in FRET. D 
= donor, A = acceptor, a = absorption, e = emission, VR = vibrational relaxation, 
NET = non-radiative donor energy transfer, AE = non-radiative acceptor excitation 
and ASE = acceptor sensitized emission [161]. Pictorial representation of FRET. 
 
FRET requires the fluorescence emission spectrum of the donor molecule to overlap 
with the absorption spectrum of the acceptor and both the donor-acceptor molecules  
must be within the minimal spatial range, for the donor to transfer its excitation 
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energy through space to the acceptor. It is also dependent on the relative orientation 
of the donor and acceptor transition dipoles and on the fluorescence quantum yield 
of the donor [275, 279]. The lifetime of the excited donor plays important role, as the 
probability of energy transfer is proportional to this lifetime. The Förster treatment is 
semi-classical and employs the point-dipole approximation.  
Practically, the quenching in the donor photoemission is consequential, and a 
sensitized acceptor’s fluorescence is observed when FRET has occurred.  
FRET efficiency (Eff) is determined experimentally from the fluorescence quantum 
yields of the donor in the absence (F(QD))and presence (
Mix
F(QD)Φ ) of the acceptor using 
Eq. (1.10) [280, 279, 281]: 
 
1.10 
 
FRET efficiency (Eff) is related to r (Å) by Eq. (1.11) [282]: 
 
1.11 
 
where r is the centre-to-centre separation distance (in Å) between the donor and 
acceptor, R0 (the Förster distance, Å) is the critical distance between the donor and 
the acceptor molecules at which the efficiency of energy transfer is 50% and depends 
on the quantum yield of the donor Eq. (1.12)[280]: 
R06 = 8.8 x 1023ĸ2n-4ΦF(QD)J        1.12 
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where 2 is the dipole orientation factor, n is the refractive index of the medium, 
F(QD) the fluorescence quantum yield of the donor in the absence of the acceptor, 
and J is the Förster overlap integral, defined by Eq. (1.13): 
J = ƒQD(λ)εMPc(λ)λ4 δλ         1.13 
where ƒQD is the normalised QD emission spectrum and MPc is the molar extinction 
coefficient of MPc under investigation, is the wavelength of the acceptor at the Q-
band. It is assumed that 2 is 2/3 for mixed QDs with MPc complexes. Such 
assumptions are often made for donor–acceptor pairs in a liquid media, since their 
dipole moments are considered to be isotropically oriented during the excited state 
lifetimes. The 2 = 2/3 was also employed in this work for the linked QDs–MPcs. 
FRET parameters were computed using the program PHOTOCHEMCAD [283]. 
 
1.4 Electrospinning 
Pcs in this work were electrospun into fibers for PACT applications, thus 
electrospinning is discussed. 
Electrospinning is the process of generating fibers through an electrically charged jet 
of polymer solution. The fundamental working principle of electrospinning is 
similar to that of electrospraying. Electrospinning is a simple, convenient, 
reproducible process and a generally versatile technique for generating fibers with 
diameters that range from several micrometers to tens of nanometers [284, 285]. The 
electrospinning process is highly flexible since various parameters such as solution 
concentration and molecular weight of the polymer [286] can be fine-tuned to obtain 
fibers of different diameters to meet the requirements for various applications. 
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The principal variables that govern the quality of polymer fibers, or determine 
whether electrospinning will occur at all, are the average molecular weight of the 
polymer, the nature of the solvent and the magnitude of the electric field used to 
induce the electrospinning process. Usually, for the process to be feasible, a polymer 
of adequate average molecular weight should be dissolved in a solvent that has 
suitable conductivity, surface tension and vapour pressure. The concentration of the 
polymer solution should be moderately high to facilitate its flow during the 
electrospinning process.  
 
Figure 1.20: Typical diagrammatic set-up of an electrospinning apparatus [287]. 
The electrospinning set up consists of three basic components (Fig. 1.20) [287]: A 
container, usually a syringe for the polymer solution, a high voltage source and a 
conductive collector plate where the fiber mat is deposited. 
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Practically, during the electrospinning process a polymer solution of known 
concentration and volume is steadily pumped out of the syringe to form a drop of 
solution at the tip of the needle. The drop is charged by applying a high voltage to 
the needle. When the applied voltage is gradually increased, Coulombic forces 
counteract the surface tension that tends to hold the drop in a spherical shape to 
distort it into the so-called Taylor cone. When the electric field exceeds a certain 
threshold value, a charged fluid jet is ejected from the tip of the Taylor cone in the 
form of fiber towards the collector plate and this is collected as an unwoven fiber 
mat as shown in Fig. 1.20. 
Due to their fine-tuneable properties and flexibility, electrospun nanofibers have 
received remarkable attention recently for potential use in many applications, 
including filtration [288-290], composites [291, 292], scaffolds [293] and medical 
applications [294-296]. The main advantages of electrospun fibers, besides their 
small fiber diameter, are their high porosity [297], small pore sizes and high specific 
surface areas [298]. In this thesis, the main interest in using nanofibers, compared to 
the use of other supports, is their ability to host a variety of molecules which in turn 
can improve their properties for a specific application. 
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Figure 1.21: Typical scanning electrode microscope (SEM) image of a polyamide 
electrospun nanofiber [299] 
Functionalization of electrospun fibers through the integration of functional 
molecules into the polymer fiber core, is often desirable in fields such as biosensor 
technology, tissue engineering, drug delivery, heterogeneous catalysis and 
nanoelectronics. Our aim in this thesis is to functionalize fibers with phthalocyanines 
for photodynamic inhibition of bacterial growth. It is the pore size distribution and 
its three-dimensional geometry that determines the key properties of fiber mats such 
as filtration or dye loading capacity and its permeability to gases. Fig.1.21 shows a 
typical scanning electron microscope image of a polyamide electrospun fiber [299].  
 
Table 1.6 shows some typical applications of phthalocyanine functionalized 
electrospun fibers. 
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Table 1.6: Examples of known electrospun nanofibers functionalized with 
phthalocyanines and their applications. 
Compound Polymer support Application reference 
ZnTmPyPc polysulfone 
polymer fiber 
photosensitized 
conversion of 
methyl orange 
[300] 
LuTPPc 
LuTPyPc 
polystyrene 
polymer 
photoconversion 
of 4-nitrophenol 
[301] 
LuTPPc polystyrene 
polymer fiber 
polyurethane 
polymer 
Photooxidation 
of 4-
chlorophenol 
[302, 303] 
ZnTPyPc 
LuTPyPc 
ZnTAPc 
LuTAPc 
Polystyrene  
Polymer Fibers 
Polysulfone 
Polymer Fibers. 
Polyurethane  
Polymer 
Polyacrylic Acid  
4-chlorophenol, 
4-nitrophenol, 
and methyl 
orange 
[304] 
LuTAPc 
ZnTAPc 
ZnPc 
Polyacrylic Acid NO2 Gas sensing [305] 
CoTAPc Poly(ethylene 
oxide) 
for 
optoelectronic 
devices 
(expected) 
[306] 
ZnPc Polyurethane Antibacterial 
activity, 
photooxidation 
of iodide   
[307] 
CoTAPc Cellulose fiber Photoconversion 
of Reactive Red 
X-3B 
[308] 
FeTNPc TiO2/Polyvinylpy
rolidone 
Photoconversion 
of methyl orange 
[309] 
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HOAlPc(SO3H)4 
ZnPc(OC2H4N+CH3)4 
 
Polyurethane Gram-positive 
bacteria 
[310] 
HOAlPc(SO3H)4 
ZnPc(OC2H4N+CH3)4 
 
Polyurethane Gram-positive 
bacteria 
[311] 
TmPyPc = Tetramercaptopyridine phthalocyanine, TPPc = tetraphenoxy phthalocyanine, TPyPc = 
Tetrapyridyloxy phthalocyanine, TAPc = tetaamino phthalocyanine, TNPc = Tetranitro phthalocyanine 
 
Incorporation of phthalocyanines into electrospun polymer fibers has been reported 
where the properties of the phthalocyanine is still maintained in the fiber matrix 
[300-311]. Only two reports exist on electrospun fibers coated with phthalocyanines 
for bacterial inhibition, with no reports on metal nanoparticles (MNPs)-Pc 
conjugates. The thesis therefore reports on MNPs-Pc conjugates electrospun into 
fibers for bacterial inactivation. The presence of NPs enhances the photophysics, 
thus improving the bacterial growth inhibition. 
 
1.5 Photodynamic antimicrobial chemotherapy 
The use of antibiotics to selectively destroy microorganisms represents one of the 
most ground-breaking progresses made in medicine, resulting in the treatment and 
suppression of many incurable diseases [311, 312]. At the beginning of the 21st 
century, microbe-related diseases were reduced to a level that they no longer had a 
serious impact on human health because of availability of antibiotics. However, 
bacteria have developed resistance mechanisms against antimicrobial drugs which 
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were previously highly effective [311, 313]. Methicillin-resistant Staphylococcus aureus 
and vancomycin-resistant enterococci are species that are causing much concern at 
present [314] and there is an urgent need for the development of novel, convenient, 
non-resistant and low-cost measures to fight microbial diseases [311, 315, 316]. 
Photodynamic antimicrobial chemotherapy (PACT) represents a potential, 
alternative, methodology to inactivate microbial cells and has already shown to be 
effective in vitro against bacteria, fungi, viruses and protozoa [311-319]. 
 
1.5.1 Background and working principle 
The phenomenom of PACT was first described by Oscar Raab in 1890 [317], when he 
noted the toxicity of acridine orange, which was dependent on light, against 
Paramecium caudatum. However, studies of this phenomenon and its practical use did 
not appear until the second half of the 20th century. PACT was first proposed for use 
in the area of tumour therapy and later, its use in antimicrobial therapy, was also 
studied [315-319]. During the photoinactivation of microbes or tumour cells, target 
cells are damaged by the interaction of a light activated photosensitive substance in 
the presence of oxygen [320]. The understanding of the scientific basis of 
photodynamic antimicrobial chemotherapy (PACT) is still in its infancy, but is 
accepted to follow similar principles to that of PDT. PACT is based on the concept 
that a non-toxic photosensitiser, localized in certain cells can be activated by low 
doses of visible light of appropriate wavelength as shown in Fig. 1.22, to generate 
singlet oxygen that is cytotoxic to target cells via the Type II mechanism. 
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The photodynamic activity damages the cytoplasmatic membrane and DNA mainly 
[321]. Cytoplasmatic membrane damage can involve leakage of cellular contents or 
inactivation of  the membrane transport systems and enzymes [322]. 
 
 
Figure 1.22: Schematic diagram showing cell death after PACT. 
PACT has been used effectively particularly in the treatment of localized infections, 
such as gingivitis and periodontitis [323], cutaneous leishmaniasis [324] as well as 
root canal biofilm infection [325]. Searching for new photosensitizers with improved 
photo-bactericidal properties is one of the current directions in PACT development. 
This thesis therefore aims to introduce low symmetry phthalocyanines combined 
with nanoparticles as a new direction in the field of PACT. 
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1.5.2 Phthalocyanines used for photodynamic antimicrobial chemotherapy 
Various synthetic dyes, including natural occurring compounds, have been 
developed for antimicrobial photodynamic therapy [326]. The first published results, 
more than a century ago, described acridine hydrochloride for the photoinactivation 
of microorganisms [327, 328]. The phenothiazine dyes such as methylene blue and 
toluidine blue showed promising results with bacteria and fungi [329]. Several 
cyanine dyes like pyrvinium and stilbazium, and merocyanines were studied for the 
photoinactivation of microbes in plasma and serum [330]. Highly conjugated 
photosensitizers such as porphyrins and phthalocyanines show improved optical 
properties. Phthalocyanines, which are characterized by their strong, near infrared 
wavelength absorption approximately >670 nm, long triplet lifetimes (of the order of 
µs-ms), and high singlet oxygen quantum yields (>0.2) have been studied for 
application as drugs in microbial photodynamic inactivation [238, 331-338] (Table 
1.7). There is only one report where a Pc is studied in the presence of AgNPs, hence 
the aim of this thesis. 
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Table 1.7: Examples of phthalocyanine complexes used in PACT 
Compound Bacteria reference 
ZnTPyPc 
 ZnTmPyPc 
Escherichia coli [331] 
ZnCHmPPc 
 
ZnHmPPc 
 
Candida albicans [332] 
ZnPc-PL Porphyromonas gingivalis [333] 
 
ZnTSPc 
ZnTDEPc  
ZnTPPc 
Escherichia coli  
 Pseudomonas aeruginosa, 
Enterococcus seriolicida, 
 
[334, 335] 
MPyGePc 
 
MPySiPc 
Candida albicans [336] 
GaOMPyPc 
ZnTMPyPc 
Fungi in biofilms [337] 
ZnTMPyPc 
ZnTSPPc 
Staphylococcus aureus 
Pseudomonas aeruginosa 
Candida albicans 
[338] 
ZnTSPc + Polylysine 
(28) + Polylysine 
Staphylococcus aureus [238] 
TPyPc = tetrapyridiloxy phthalocyanine, TmPyPc = tetramethylpyridiloxy phthalocyanine, ZnCHmPPc= zinc 2-chloro-3-[4-
(hydroxymethyl)- phenoxy]phthalocyanine zinc, ZnHmPPc= 1-[4 (hydroxymethyl)phenoxy] phthalocyanine Zinc, ZnPc-PL = 
Zinc monocarboxy – polylysine, TSPc = tetrasulfonated phthalocyanine,TDEPc = tetradiethyl phthalocyanine, TPPc = 
tetraphenoxy phthalocyanine, MPyGePc = 2(3),9(10),16(17),23(24)-tetrakis-[3-(N-methyl)pyridyloxy]-phthalocyaninato 
dihydroxygermanium (IV) tetraiodide, MPySiPc= 2(3),9(10),16(17),23(24)-tetrakis-[3-(N-methyl) pyridyloxy]-phthalocyaninato 
dihydroxy-silicon (IV) tetraiodide, OMPyPc = Octamethyl pyridyloxy phthalocyanine, TMPyPc = Tetramethyl pyridyloxy, 
TMPyPc= tetrakis-(3-methylpyridyloxy) phthalocyanine,  TSPPc = tetrakis-(4-sulfophenoxy)-phthalocyanine , TSPc = 
tetrasulfonated phthalocyanine 
 
Attaching phthalocyanines onto polymer materials and electrospinning them into 
cotton like nanofibers offers the possibility of recycling the complexes after use for a 
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wide variety of possible applications [300-311]. To the best of our knowledge, there 
are only two reports on the use of the phthalocyanine based nanofibers for 
photodynamic antimicrobial chemotherapy [310, 311]. Electrospun nanofibers 
consisting of low symmetry phthalocyanines are studied here for the first time. A 
comparison of low symmetry and symmetrical phthalocyanines in the presence of 
AgNPs, electrospun into a polymer composite and their antimicrobial properties are 
presented here for the first time. AgNPs are used because of their inherent 
antimicrobial properties [339-358] and a dual combination of Pcs with AgNPs is 
expected to enhance the antimicrobial growth inhibition. 
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1.6 Summary of Aims for this thesis 
The aims of this thesis can be summarized as follows: 
 
i. Synthesis and characterization of novel low symmetrically substituted 
complexes with monocarboxylic and mono-cysteinyl functional group for 
covalent linkage to amino groups of nanoparticles 
ii. Carry out detailed spectroscopic studies (ground state electronic absorption 
and fluorescence emission and excitation) of the synthesized low 
symmetrically substituted complexes. 
iii. Study the photophysical (fluorescence quantum yields, triplet quantum yields 
and lifetimes) and photochemical (singlet oxygen quantum yields) behaviour 
of the low symmetrically substituted complexes alone or in the presence of 
nanoparticles. 
iv. Synthesize and characterize spherical AuNPs and AgNPs, triangular and 
cubic shaped AgNPs, and CdTe@ZnS coreshell quantum dots. 
v. To conjugate (via adsorption or covalent bond formation) AgNPs, AuNPs and 
QDs to low symmetrically substituted Pcs and investigate their spectroscopic 
properties  
vi. To anchor these complexes onto electrospun polymer fibers through 
physisorption and characterize these functional fibers using infrared 
spectroscopy (FT-IR) and scanning electron microscopy (SEM) techniques; to 
investigate the photochemical properties of the complexes on the fiber. 
vii. To investigate the antimicrobial activities of the complexes in solution alone 
and in the presence of Ag and AuNPs. 
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viii. To investigate the antimicrobial activities of the complexes when electrospun 
into fibers either alone or in the presence of nanoparticles 
ix. To compare the antimicrobial activities of some low symmetry 
phthalocyanines to their corresponding symmetrical counterparts in solution 
and in the fiber matrix. 
x. To synthesize novel alkyl dithiol axially ligated SiPcs and to investigate their 
interaction with Au and Ag NPs for application in antimicrobial inhibition of 
bacteria. To bind SiPc complex to a metallothionein protein for drug delivery 
purposes. 
 
The MPcs under investigation in this thesis are (Table 1.2): 
Tris {9 (10), 16 (17), 23 (24)-[(4-phenoxy)-2-(4-cysteinyl)] phthalocyaninato} Zn, 
Ge(OH)2, TiO and Sn(OH)2 (abbreviated as ZnMCsPc (49), (OH)2SnMCsPc (50), 
(OH)2GeMCsPc (51), OTiMCsPc (52)) 
Hexakis {9; 10, 16; 17, 23; 24 – [1,2-bis-(diethylaminoethylthiol)]-2-(4-
phenoxycarboxy) phthalocyaninato} Zn , Ge(OH)2, TiO,  and Sn(OH)2 (abbreviated 
as ZnMPCPc (53), (OH)2SnMPCPc (54), (OH)2GeMPCPc (55), OTiMPCPc (56)). 
Tris {9 (10), 16 (17), 23 (24)-[4-(2-diethylaminoethanethiol)-2-(4-carboxy)] 
phthalocyaninato} Zn, Ge(OH)2, TiO,  and Sn(ac)2. [Abbreviated as ZnMCPc (57), 
(ac)2SnMCPc (58), (OH)2GeMCPc (59), OTiMCPc (60) and bis-(1,6-hexane dithiol) 
SiPc  (abbreviated as SiHDTPc (61)]. 
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Table 1.2: List of phthalocyanine complexes synthesized and used in this thesis 
Chemical structure metal 
O
O
S
N
N
N
N
N
N
N
N
M
NH
2
COOH
O
 
 
 
Zn (49) 
(OH)2Sn (50) 
(OH)2Ge (51) 
OTi  (52) 
S
N
S
N
S
N
S
N
O
N
N
N
N
N
N
N
N
COOH
S
N
S
N
M
 
 
 
 
 
Zn (53) 
(OH)2Sn (54) 
(OH)2Ge (55) 
OTi  (56) 
S
N
S
N
N
N
N
N
N
N
N
N
M
COOH
S
N
 
 
 
 
 
Zn (57) 
(Ac)2Sn (58) 
(OH)2Ge (59) 
OTi  (60) 
S
SHSH S
N
N
N
N
N
N
N
M
N
 
 
 
 
 
 
 
 
Si (61) 
-
-
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2.1 Materials 
2.1.1 Solvents 
Chloroform, dichloromethane (DCM), diethyl ether, N,N dimethylformamide 
(DMF), acetone, dimethylsulfoxide (DMSO), ethanol (EtOH), n-hexane, methanol 
(MeOH), tetrahydrofuran (THF), 1-pentanol, toluene, nitric acid (55 %), sulfuric acid 
(98 %) and thionyl chloride were purchased from SAARCHEM. Ammonia (25 %), 
hydrogen peroxide (30 %), deuterated chloroform (CDCl3), dimethylacetamide 
(DMAc), deuterated DMSO (DMSO-d6) and deuterated DMF (DMF-d6) were 
purchased from Sigma-Aldrich. All solvents were purified according to the methods 
described by Perrin and Armarego [359]. 
Ultra-pure water was obtained from (Milli-Q water system, Millipore Corp., 
Bedford, MA, USA).  
 
2.1.2 Reagents for the synthesis of phthalocyanines 
Dichloro silicon phthalocyanine ((Cl)2SiPc), 1,3-diphenylisobenzofuran (DPBF), 1,6-
hexanedithiol, sodium iodide, phenol, 4-hydroxy benzoic acid 1,8-
diazabicyclo{5.4.0}-undec-7-ene (DBU), 2-(diethylaminoethanethiol) hydrochloride, 
zinc phthalocyanine (ZnPc), dicyclohexylcarbodiimide (DCC), trimellitic anhydride, 
L-cysteine, potassium carbonate, germanium (IV) chloride, zinc (II) acetate, titanium 
(IV) butoxide, tin (IV) acetate,  aluminium oxide (WN-3: neutral) and silica gel 
60PF254 for column chromatography were purchased from Sigma–Aldrich. 
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2.1.3 Reagents for the synthesis of nanoparticles 
Gold (III) chloride trihydrate (99.9%),   4-mercaptopyridine, tetraoctylammonium 
bromide (TOABr) (98%), silver nitrate (> 99.8%), sodium borohydride (≥99.0%), 
sodium citrate (>99.0%), ethylene glycol (EG), α-cyano-4-hydroxycinnamic acid, 
tellurium powder (200 mesh), thioglycolic acid (TGA), glutathione (98%), NaOH 
(99.5%) and polyvinyl pyrrolidone (PVP) (MW=10000) were purchased from Sigma-
Aldrich. CALNN (C = cysteine, A = Alanine, L = lysine and N = arginine) 
pentapeptide was purchased from Peptide Protein Research (PPR) (Ltd). C20 
Phenomenex reverse phase column and Sephadex G25 column stationary materials 
were purchased from sigma-Aldrich and were employed for chromatographic 
separations. The rest of the reagents were obtained from commercial suppliers and 
used as received. 
 
2.1.4 Reagents for bacterial work 
Agar bacteriological BBL Mueller Hinton broth and nutrient agar were purchased 
from Merck. Staphylococcus aureus (ATCC 25923) and Bacillus subtilis (ATCC6633) 
were purchased from Microbiologics. Polystyrene (PS) (average molecular weight 
Mw = 192,000 g/mol) was obtained from Sigma-Aldrich 
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2.2 Instrumentation 
 
i. Ground state electronic absorption spectra were recorded on either a Cary 500 
UV/Vis/ NIR or Shimadzu UV-2550 UV/Vis spectrophotometer. Quartz cells 
with 1 cm path-lengths were employed. The absorbances of the phthalocyanines 
on the fibers were measured by placing the modified fiber directly on a glass 
plate. 
ii. Elemental analyses for CHNS were done using a Vario-Elementar Microcube 
ELIII Series. 
iii. Infrared (IR) spectra (KBr pellets)were recorded using either Perkin-Elmer 
Fourier transform–IR (100 FT-IR) or Perkin-Elmer (ATR) Fourier transform-IR 
(2000 FT-IR) spectrophotometer. 
iv. 1H-nuclear magnetic resonance spectra (1H-NMR) were recorded in deuterated 
solvents (DMSO-d6 or DMF-d6) using either a Bruker AMX400 MHz NMR 
spectrometer or a Bruker AVANCE II 600 MHz spectrometer. 
v. Mass spectral data for the characterization of phthalocyanines were collected 
with a Bruker AutoFLEX III Smart beam TOF/TOF mass spectrometer. The 
instrument was operated in both the positive and negative ion mode. The voltage 
of the ion sources were set at 19 and 16.7 kV for ion sources 1 and 2 respectively, 
while the lens was set at 8.50 kV. The reflector 1 and 2 voltages were set at 21 and 
9.7 kV respectively. The spectra were acquired using α-cyano-4-hydroxycinnamic 
acid as the MALDI matrix and a 355 nm Nd:YAG laser as ionizing source. 
vi. Scanning electron microscope (SEM) images of electrospun polymer fibers were 
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obtained using a JOEL JSM 840 scanning electron microscope and the average 
diameters obtained using Cell^D software from Olympus. 
vii. Transmission electron microscope (TEM) images were obtained using a Carl 
Zeiss Libra transmission electron microscope at 100 kV accelerating voltage 
viii. X-ray powder diffraction patterns were recorded on a Bruker D8 Discover 
equipped with a Lynx Eye Detector, using Cu-K radiation ( = 1.5405 Å, nickel 
filter).  Data were collected at various 2  ranges, scanning at 1º min-1 with a filter 
time-constant of 2.5 s per step and a slit width of 6.0 mm.  Samples were placed 
on a zero background silicon wafer slide. The X-ray diffraction (XRD) data were 
treated using Eva (evaluation curve fitting) software. Baseline correction was 
performed on each diffraction pattern by subtracting a spline fitted to the curved 
background and the full-width at half-maximum values used in this study were 
obtained from the fitted curves. 
ix. Fluorescence emission and excitation spectra were obtained on a Varian Eclipse 
spectrofluorimeter. 
x. Fluorescence lifetimes were measured using a time correlated single photon 
counting setup (TCSPC), Fig. 2.1, (Fluo Time 200, Picoquant GMbH) with a diode 
laser as excitation source (LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz 
repetition rate, Picoquant GmbH for Pcs and a LDH-P-C-485 with 10 MHz 
repetition rate, 88 ps pulse width, for quantum dots). Fluorescence was detected 
under the magic angle with a peltier cooled photomultiplier tube (PMT) (PMA-C 
192-N-M, Picoquant GmbH) and integrated electronics (PicoHarp 300E, 
Picoquant GmbH). A monochromator with a spectral width of about 4 nm was 
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used to select the required measured emission wavelength. The response 
function of the system, which was with a scattering Ludox solution (DuPont), 
had a full width at half-maximum (FWHM) of about 300 ns. The ratio of stop to 
start pulses was kept low (below 0.05) to ensure good statistics. All luminescence 
decay curves were measured at the maximum of emission peak. The data were 
analysed with the program FluoFit (Picoquant GmbH). The support plane 
approach [280] was used to estimate the errors of the decay times. 
 
Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC) 
setup. (MCP)-PMT = (Multi channel plate detector)-Photomultiplier tube, PC = 
Personal computer. 
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xi. Laserflash photolysis experiments, Fig. 2.2, were performed with light pulses 
produced by a Quanta-Ray Nd:YAG laser providing 400 mJ, 9 ns pulses of laser 
light at 10 Hz, pumping a Lambda-Physik FL3002 dye laser (Pyridin 1 dye in 
methanol). Single pulse energy ranged from 2 to 7 mJ. The analysing beam 
source was from a Thermo Oriel Xenon arc lamp, and photomultiplier tube (a 
Kratos Lis Projekte MLIS-X3) was used as a detector. Signals were recorded 
with a two-channel 300 MHz digital real time oscilloscope (Tektronix TDS 
3032C); the kinetic curves were averaged over 256 laser pulses.  
 
 
Figure 2.2: Schematic diagram for a laser flash photolysis setup.  
PMT = Photomultiplier tube 
 
xii. Determination of singlet oxygen quantum yields as well as irridiation of bacterial 
plates was done using General Electric Quartz lamp (300 W) as irradiation 
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source, Fig. 2.3. A 600 nm glass (Schott) and water filters were used to filter off 
ultra-violet and far infrared radiations respectively. An interference filter 670 nm 
with band of 40 nm was placed in the light path just before the cell containing the 
sample. The intensity of the light reaching the reaction vessel, was measured 
with a power meter (POWER MAX 5100, Molectron Detector Inc). 
 
 
Figure 2.3: Schematic diagram of photo-irridiation setup. 
 
xiii. Electrospun polymer fibers were obtained from a set up, Fig. 2.4, consisting of a 
high voltage source (Glassman High Voltage. Inc., EL series, 0-40 kV), a pump 
(K Scientific, KDS-100-CE), a glass syringe (Am Bildacker 3-7, D-97877 
Wertheim, Poulten & Grat GmBh) connected to a steel needle of internal 
diameter of 0.584 mm and aluminum foil as collector. 
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Figure 2.4: Typical electrospinning setup  
 
xiv. X-ray photoelectron spectroscopy (XPS) measurements were performed with a 
Kratos Ultra Axis X-ray Photoelectron Spectrometer equipped with a 
monochromated Al source. The base pressure was below 3×10-9 Torr. XPS 
experiments were recorded using a hybrid-slot spectral acquisition mode at 5 mA 
emission and 15 kV HT. A charge neutralizer was used due to the insulating 
surface used to prepare the sample. XPS data analyses was performed with 
Kratos version 2 program. 
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2.3 Methods 
2.3.1 Fluorescence quantum yields (ФF) 
Fluorescence quantum yields (ФF) of the MPcs and MPc-MNPs were determined by 
a comparative method in either DMF or DMSO using, Equation 1.2. The same 
solvent was used in each case for samples and standard. Unsubstituted ZnPc ( StdF  = 
0.20) [148] in DMSO) was employed as the standard. Both the samples and standard 
were excited at the same wavelength. The absorbances of the solutions at the 
excitation wavelength were about 0.05 to avoid any inner filter effects. 
 
 
2.3.2 Triplet quantum yields (ФT) and lifetimes (τT) 
The triplet decay kinetics of the triplet absorption of phthalocyanines were recorded 
using laser flash photolysis setup, Fig. 2.2. The absorbance of sample solutions and 
that of the standard were adjusted to be approximately 1.5 at their Q-band maxima. 
After introducing the solution to a 1 cm quartz cell, argon was bubbled through the 
solution to remove dissolved oxygen before taking readings. The triplet quantum 
yields of the sample phthalocyanines were determined using Equation 1.3.  
Unsubstituted ZnPc  = 0.68 [360] in DMF and = 0.65 [361] in DMSO was 
employed as the standard. Triplet lifetimes were determined from the kinetic data 
obtained, using ORIGIN Pro 8 software. 
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2.3.3 Singlet oxygen (Ф∆)quantum yields  
A chemical method was employed in this work for Ф∆ determination, using the 
experimental set-up shown in Fig. 2.3. 
The Ф∆ values were determined by monitoring the change in absorbance (decay of 
the quencher) at 416 nm for DPBF with time and used for the calculation of Ф∆ 
according to Equation 1.6, employing ZnPc in DMF, = 0.56 [362] as a standard. 
An air-saturated solution of the MPcs (2.0 mL) with the respective singlet oxygen 
quencher (DPBF or ADMA) (absorbance of MPc ~ 0.2 at the irradiation wavelength 
in the final solution) was placed in a 1 cm pathlength spectrophotometric quartz cell 
fitted with a stopper and photolysed at the Q-band region using a 300 W General 
electric quartz lamp as described above (Fig 2.3). The solutions were prepared in the 
dark. The wavelength of the interference filter was chosen such that it was close to 
the Q band absorption of the MPc. The concentration of DPBF or ADMA was kept at 
~ 3 x 10–5M to avoid chain reactions. The initial quencher concentrations 
(corresponding to an absorbance of ~ 1.0) were kept the same for both the standard 
and the MPcs. 
For singlet oxygen quantum yield determinations in water, using phthalocyanines 
electrospun into fiber matrices, ADMA was used as a singlet oxygen quencher since 
the fabric materials are intended for use in biological aqueous media. In each case 10 
mg of the modified fibers was suspended in an aqueous solution of ADMA and 
similarly irradiated using the photolysis set-up, Fig. 2.3. The quantum yields 
(ADMA) were estimated using Equation 1.7 and the extinction coefficient of AMDA 
in water log () = 4.1 [144]. Equation 1.9 (the absolute method) was employed for 
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values. The  values are estimates due to light scattering and the intensity of 
light was the one reaching the spectrophotometric cell but not the fibers.  
2.3.4 Antimicrobial experiments in solution and in the fiber matrix 
2.3.4.1 Antimicrobial activities in solution 
The antimicrobial activity of the MPcs alone or MPc-MNP conjugates was studied in 
solution. Staphylococcus aureus (S. aureus) or Bacillus subtilis (B. subtilis) were grown 
on a nutrient agar plate prepared according to the manufacturer's specifications. The 
plates were incubated overnight at 37 °C before being used. Firstly, a single colony 
of S. aureus  (or B. subtilis) from the agar plate was inoculated into 10 mL of Mueller 
Hinton nutrient broth and allowed to grow at 37 °C for 2 to 6 h until an appropriate 
optical density (0.6 - 0.8 at 600 nm) was obtained. Separately, solutions of the MPcs, 
and the MPc-MNP conjugates (100 L with concentrations ranging from ~0.16 to 25 
M in DMF) were added to the 96 well micro-plates containing 100 L Mueller 
Hinton nutrient broth. Then, 5 L of a solution of S. aureus (or B. subtilis) prepared in 
the first step was pipetted into each of the 96 well plates containing the MPcs. The 
total amount of DMF in each well was at 50 %.  The bacteria studied in this work are 
known to be resistant to DMF [97].  
A pair of 96 well plates containing the MPc molecules conjugated to the MNPs  (or 
MPc  alone) were then irradiated with visible light for 120 min, while a second set 
was kept in the dark. The irradiated and non-irradiated plates were incubated 
overnight in an incubator shaker (~200 rpm) in the dark at 37 °C. The viable 
microorganisms were corrected using controls containing no Pc or Pc-MNP 
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conjugates. The optical density of the bacterial viability was determined at 600 nm 
and expressed as a percentage bacterial growth. The experiments were done in 
triplicate and the error was estimated to be less than 2%. 
 
2.3.4.2 Antimicrobial behaviour in fiber matrices 
Antimicrobial experiments were also tested for MPcs alone or MPc-MNPs conjugate 
supported in a fiber matrix. Nanofiber samples modified with phthalocyanines were 
placed on the Baird Parker agar base plates which were pre-inoculated with 100 ml 
of liquid broth containing a suspension of S. aureus (or B. subtilis) (~107 to108 
CFU/mL (colony forming unit/mL)).  One pair of agar plates was kept wet in the 
dark and the other pair was kept wet under illumination with visible light for 120 
min. All the samples were incubated for 16 h at 37 ºC and evaluated. A pair of agar 
plates containing the polymer material without bacteria was used as a control, both 
in the dark and under illumination. This was aimed at confirming that the changes 
observed are due to bacterial inactivation and not due to the phthalocyanine 
leaching, even though the latter is not expected because of solubility issues in water. 
2.4 Synthesis 
2.4.1 Synthesis of nanoparticles 
Nanoparticles synthesized in this thesis include quantum dots (QDs), gold 
nanoparticles (AuNPs) and silver nanoparticles (AgNPs) 
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2.4.1.1 Synthesis of quantum dots 
The synthesis of the thiol stabilized CdTe QDs has been reported before [264, 274, 
363], and the synthesis of CdTe/ZnS core–shell nanoparticles was also achieved 
using literature method [364]. Modification of these QDs was accomplished as 
follows: Briefly, a sample of the as-prepared CdTe QDs (40 mg) was added to a 50 ml 
solution (pH = 10) containing 1 mM ZnCl2 and 4 mM CALNN. The solution was 
heated to 100   C under argon and then refluxed for up to 5 h in order to control the 
size of core–shell QDs. Aliquots of the reaction solution were removed at regular 
intervals to conduct UV-vis absorption and fluorescence experiments. Samples were 
precipitated by absolute ethanol and dried under vacuum for characterization. 
The particle size was determined by powder XRD which uses the Debye–Scherrer 
equation (Equation 2.1) [365]   


Cos
k
d
O
(           2.1 
Where k is an empirical constant equal to 0.9, λ is the wavelength of the X-ray source, 
(1.5405A˚), β is the full width at half maximum of the diffraction peak, and θ is the 
angular position of the peak. 
 
2.4.1.2 Synthesis of spherical gold nanoparticles  
TOABr stabilized gold nanoparticles were synthesized according to a reported 
procedure [119]. The purple organic phase which contains the nanoparticles was 
separated and washed with water.  
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Glutathione (GSH) stabilized AuNPs [366] were obtained by dissolving GSH in 
ethanol: water (1:1) to make a 50 mM solution, which was then flushed with argon 
for 45 min before use. The GSH solution was then added to an equal volume ratio of 
TOABr stabilized AuNPs in toluene. The mixture was stirred vigorously under 
argon for 12 h to enable the ligand exchange to take place. After the reaction was 
complete, the water soluble GSH capped nanoparticles were separated in a funnel, 
followed by centrifugation. And a 90 % product yield was achieved. 
4-Mercaptopyridine capped AuNPs were also obtained following ligand exchange. 
Briefly a 1 mL of a solution of 4-mercaptopyridine (40 mM) in DMF was added to 10 
ml of TOABr stabilized AgNPs under argon atmosphere. The mixture was allowed 
to react under stirring for 3 h, after this time the solution changed colour from lightly 
coloured solution to a dark purple indicating formation 4-mercaptopyridine capped 
AuNPs.  The use of 4-mercaptopyridine as a capping agent does not only provide 
stability for the nanoparticles, but it also allows for axial coordination of the NPs to 
ZnPc, which was the aim of using the pyridine derivative as a capping agent.  
 
2.4.1.3 Synthesis of silver nanoparticles  
2.4.1.3.1 Spherical AgNPs 
The procedure followed for the synthesis AgNPs was as reported elsewhere [218] 
with slight modification. Briefly, a 20 mL DMF solution of AgNO3 (1 mM) was 
reduced with a sodium borohydride solution (36 mM, 10 mL), which was added 
dropwise at room temperature under vigorous stirring, to give a light yellow 
solution.  This represents the uncapped AgNPs used for linking SiHDTPc (61). To 
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synthesize mercaptopyridine capped AgNPs, 1 mL of a solution of 4-
mercaptopyridine (40 mM) was added to 10 mL of the uncapped AgNPs and 
allowed to react for 30 min to give the 4-mercaptopyridine stabilized AgNPs. 
Similarly, 4-mercaptopyridine stabilized AuNPs were synthesized and this allowed 
for further coordination of the NPs to ZnPc derivatives via axial ligation. 
Spherically shaped citrate capped AgNPs of larger size were prepared separately to 
be used as precursors in the synthesis of triangular shaped AgNPs following 
literature procedures [218]. Briefly, a 20 mL DMF solution of AgNO3 (1 mM) was 
reduced with sodium citrate (2 mL of 40 mM aqueous solution) at room 
temperature.  Citrate ions act as both reducing and capping agents.  Then, 0.5 mL of 
100 mM aqueous sodium borohydride solution was added dropwise under vigorous 
stirring leading to a light yellow colour. After that, 0.5 mL aqueous solution of 
polyvinyl pyrrolidone (PVP) (40 mM) was added and the solution changed to a 
darker yellow colour after the reaction had proceeded for 30 min, indicating 
formation of spherical AgNPs.  The use of PVP as a capping agent not only prevents 
the agglomeration but also allows controlled growth of Ag nanoparticles in different 
shapes [367]. 
 
2.4.1.3.2 Triangular shaped citrate capped AgNPs 
For the synthesis of AgNP triangles, the spherical AgNPs prepared in previous stage 
were immediately etched with a 30% hydrogen peroxide solution following a 
reported procedure [217]. The H2O2 (0.5 mL) solution was added dropwise with 
vigorous stirring for 5 min and the reaction left to stir 6 h. After this period the 
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yellowish spherical AgNPs turned purple, indicating formation of citrate capped 
silver triangular nanostructures. 
 
2.4.1.3.3 Cubic AgNPs (stabilized with PVP) 
Cubic AgNPs were synthesized as reported in literature [218]. Briefly, 5 mL of 
ethylene glycol (EG) were introduced into a three-neck flask and heated (under 
stirring) using an oil bath at 150 °C for 1 h. Then, 3 mL of AgNO3 (0.25 M in EG) and 
3 mL PVP (0.375 M in EG) were simultaneously slowly injected into the primary EG 
mixture over a period of 10 min. The reaction mixture was kept at 150 °C for another 
45 min. The sample was then centrifuged (at 4500 rpm for 5 min) and washed firstly 
with acetone and then twice with water to remove the excess amounts of EG and 
PVP. 
 
2.4.2 Synthesis of phthalocyanines 
The following were known phthalonitrile precursors and phthalocyanine 
complexes used in this thesis: 
4-Nitrophthalonitrile (62) Scheme 3.1 [368-370], 4-phenoxy phthalonitrile (63) 
Scheme 3.1 [14,371], 1,2-Bis-(diethylaminoethylthiol)-4,5-dicyanobenzene (64) 
Scheme 3.2 [372, 373], 4-(3,4-dicyanophenoxy)-benzoic acid (65) Scheme 3.2 [98], 4-
carboxyphthalonitrile (66) Scheme 3.3 [109,374], and 4-(2-diethylaminoethanethiol)-
4-phthalonitrile (67) Scheme 3.3 [372, 373] were synthesized according to reported 
procedures. 
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2(3)-Tetra-(2-diethylaminoethylthio)-phthalocyaninato zinc(II) (ZnTDEPc (68)) and 
octa (2-diethylaminoethylthio) phthalocyaninato zinc (II) (ZnODEPc (69)) were 
synthesized as reported before [373, 375], 2(3)-tetra-(phenoxy)-phthalocyaninato 
zinc(II) (ZnTPPc (70)) [14, 136] and 2(3)-tetra-(4-phenoxycarboxilic acid)-
phthalocyaninato zinc(II) (ZnTPCPc (71)) [376] were achieved using the methods 
reported in literature. 
 
2.4.2.1 Synthesis of 4-cysteinyl phthalonitrile (72) (Scheme 3.1) 
Compound (72) was synthesized as follows: to dry DMF (30 ml) under argon, 3.5 g 
(25 mmol) of K2CO3 was added, followed by L-cysteine (2.07 g, 17.1 mmol) and 4-
nitrophthalonitrile (2.0 g, 11.5 mmol). After 4 and then at 24 h, additional K2CO3 (3.5 
g, 25 mmol) was added to the mixture. The mixture was stirred at room temperature 
for 72 h, after this time the formed product was dissolved in water: methanol (1:1), 
and the pH of the solution adjusted to 2 by addition of HCl to give a light reddish 
brown precipitate. The product was further purified using a size-exclusion column 
using (5:1) methanol: acetone as eluent (Bio-Beads S-X1 from Bio-Rad). 
Yield: (0.96 g, 50%).  IR [(KBr)-max/cm−1]: 3428 (OH), 3327 (N-H), 3102 (C–H), 2234 
(C≡N), 1628 (N-H bending), 1610 (C=O), 1586, 1427, 1234, 862 (C–H), 742 (C-S-C). 1H 
NMR (400 MHz, DMSO-d6)/ppm: 12.11 (1H, broad s, –COOH), 8.13 (2H, broad, 
NH2), 7.24 (1H, d, aromatic C-H), 7.56 (2H, dd, aromatic C-H), 3.89 (1H, d, C-H), 3.46 
(2H, dd, S-CH2). Calc. for C11 N3H9S1O2: C 53.46, H 3.64, N 17.00,  S 12.97  Found:  C 
53.32, H 3.58, N 16.97, S 12.66   
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2.4.2.2 Tris {9 (10), 16 (17), 23 (24)-[(4-phenoxy)-2-(4-cysteinyl)] phthalocyaninato} 
Zn (49), Sn (OH)2 (50), Ge (OH)2(51) and TiO (52) (Scheme 3.1). 
A mixture of 4-cysteinyl phthalonitrile (72) (0.64 g, 2.6 mmol) and 4-phenoxy 
phthalonitrile (63) (1.72 g, 7.8 mmol) was firstly finely ground, homogenised and 
placed in a round bottom flask that contained pre-heated dimethyl acetamide 
(DMAc) (15 mL). The mixture was then stirred under reflux at 130 ˚C for 7 h in an 
argon atmosphere in the presence of excess (13.0 mmol) metal salt (zinc acetate for 
complex (49), tin (IV) chloride for complex (50), germanium (IV) chloride for 
complex (51) and titanium (IV) butoxide for complex (52)) and DBU (0.25 mL) as a 
catalyst. Thereafter, the mixture was cooled to room temperature and dropped in a 
(1:1) water: acetone mixture. The green solid product which precipitated was 
collected by centrifugation, washed with n-hexane and dried in air. Purification was 
achieved using column chromatography with silica gel as the column material and 
MeOH:THF (2:10) as eluent followed by the addition of (2:1) THF:DMF to elute the 
second fraction which was the desired product. The product was dried in air and 
first washed with water/methanol, then NaOH/methanol and finally washed with 
ethanol, acetone, n-hexane and diethyl ether. 
 
ZnMCsPc (49): 
Yield:  (0.14 g, 13 %). IR (KBr, cm-1): 3452(O-H), 3330 (N-H) 3128(C-H), 2977 
(carboxylic acid OH), 1629 (N-H), 1598 (C=O), 1534(C=C), 1447, 1348, 1300, 1235 (C-
O-C) 878, 712 (C-S-C), 701,620, 553. 1HNMR (DMSO-d6):  δ, ppm 9.01-9.18 (12H, m, 
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Pc-H), 8.12-8.44 (2H, broad, NH2), 7.27-7.88 (12H, m, aromatic-H), 7.10-7.21 (3H, dd, 
aromatic-H), 6.41-6.48 (2H, m, S-CH2), 4.53-4.59 (1H, br, OH) 3.62-3.71 (1H, br, C-H). 
UV/Vis (DMF) λmax nm (log ε): 346 (3.67) 678 (5.09).Calc. for C53 H33 N9 S1 O5 Zn: C 
65.45, H 3.39, N 12.96, S 3.29 Found:  C 64.98, H3.41, N13.01, S 3.13 MALDI TOF MS 
Mw: Calcd: 973.36 Da, Found: [M-H]-972.82 Da. 
 
 (OH)2SnMCsPc (50): 
Yield:  (15%) (0.34 g).  IR (KBr, cm-1): 3447(O-H), 3319 (N-H) 3121(C-H), 2980 
(carboxylic acid OH), 1620 (N-H), 1616 (C=O), 1540(C=C), 1468, 1358, 1335, 1234 (C-
O-C) 1099, 885, 717 (C-S-C), 694, 624, 563 (Sn-O). 1HNMR (DMSO-d6):  δ, ppm 9.37-
9.25 (12H, m, Pc-H), 8.67-8.52 (12H, m, aromatic-H), 8.31-8.53 (2H, broad, NH2) 7.72-
7.64 (3H, dd, aromatic-H), 6.37-6.25 (2H, d, S-CH2), 4.44-4.37 (1H, br, OH) 3.51-3.43 
(1H, br, C-H). UV/Vis (DMF) λmax nm (log ε): 366 (3.97) 671 (4.84). Calc. for 
C53H35N9SO7Sn + H2O: C 59.01, H 3.43, N 11.69, S 2.97 Found:  C 58.97, H 3.10, N 
12.01, S 3.15 MALDI TOF MS Mw: Calcd: 1060.67 Da, Found: [M+2H] 1062.70 Da. 
 
(OH)2GeMCsPc (51): 
Yield:  (9%) (0.22 g).  IR (KBr, cm-1): 3441(O-H), 3332 (N-H), 3125(C-H), 2986 
(carboxylic acid OH), 1630 (N-H), 1621 (C=O), 1525(C=C), 1433, 1339, 1317, 1237 (C-
O-C) 978, 858, 716 (C-S-C), 701 (Ge-O), 637, 547. 1HNMR (DMSO-d6):  δ, ppm 9.35-
9.21 (12H, m, Pc-H), 8.46-8.32 (12H, m, aromatic-H), 8.07-8.24 (2H, broad, NH2), 7.67-
7.51 (3H, dd, aromatic-H), 6.26-6.21 (2H, m, S-CH2), 4.37-4.32 (1H, br, OH) 3.57-3.43 
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(1H, br, C-H). UV/Vis (DMF) λmax nm (log ε): 351 (4.11) 691 (5.04). Calc. for 
C53H35N9SO7Ge + H2O: C 61.64, H 3.58, N 12.21, S 3.11 Found:  C 61.93, H 3.67, N 
12.01, S 2.96 MALDI TOF MS Mw: Calcd: 1014.61 Da, Found: [M+H]+1015.62 Da. 
 
OTiMCsPc (52): 
Yield:  (11%) (0.26 g).  IR (KBr, cm-1): 3444(O-H),3324 (N-H), 3136(C-H), 2972 
(carboxylic acid OH),1629 (N-H), 1607 (C=O), 1543(C=C), 1519, 1469, 1385, 1332, 1238 
(C-O-C) 1077, 988 (Ti=O), 864, 717 (C-S-C), 704, 633, 569. NMR (DMSO-d6):  δ, ppm 
9.67-9.61 (12H, m, Pc-H), 8.75-8.65 (12H, m, aromatic-H), 7.98-8.24 (2H, broad, NH2), 
7.46-7.39 (3H, dd, aromatic-H), 6.33-6.28 (2H, m, S-CH2), 4.51-4.47 (1H, br, OH) 3.78-
3.70 (1H, br, C-H). UV/Vis (DMF) λmax nm (log ε): 336 (3.74) 680 (4.98). Calc. for 
C53H33N9SO6Ti: C 65.49, H 3.39, N 12.97, S 3.29 Found:  C 65.52, H 3.42, N 13.12, S 
3.44 MALDI TOF MS Mw: Calcd: 971.85 Da, Found: [M-H]-970.86 Da. 
 
2.4.2.3 Hexakis {9; 10, 16; 17, 23; 24 – [1,2-bis-(diethylaminoethylthio)]-2-(4 
phenoxycarboxy) phthalocyaninato} Zn (53), Sn (OH)2 (54), Ge (OH)2 (55) 
and TiO (56) (Scheme 3.2). 
Synthesis for 53, 54, 55 and 56 was as outlined for 49-52 except that 4-(3,4-
dicyanophenoxy)benzoic acid (65) [98] (0.68 g, 2.6 mmol) and 1,2-bis-
(diethylaminoethanethio)-4, 5-dicyanobenzene (64) [372, 373] (3.04 g, 7.8 mmol) was 
employed instead of 72 and 63. Purification was achieved using column 
chromatography with neutral alumina as the column material and DCM:MeOH:THF 
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(10:5:5) as the eluent, followed by drying. The desired product was first washed with 
water/methanol, then NaOH/methanol and finally washed with ethanol, acetone, 
n-hexane and diethylether. 
 
ZnMPCPc (53): 
Yield:  (0.26 g, 15 %).  IR (KBr, cm-1): 3438(O-H), 3134(C-H), 2969 (carboxylic acid 
OH), 1610 (C=O) 1548(C=C), 1345, 1337, 1131, 854, 748 (C-S-C), 620, 553. 1H-NMR 
(DMSO-d6):  δ, ppm 10.01-10.09 (6H, m, Pc-H), 9.36-9.49 (3H, br, Pc-H), 7.35-7.23 (4H, 
m, aromatic), 4.63-4.71 (1H, br, OH), 3.25-3.30 (12H, m, S-CH2), 2.98-3.01 (12H, m, N-
CH2), 2.56-2.71 (24H, m, CH2-methyl) 1.73-1.79 (36H, q, CH3). UV/Vis (DMF) λmax 
nm (log ε):  384 (3.95) 695 (5.12).Calc. for C75 H98 N14 S6 O3 Zn + H2O: C 59.31, H 6.45, 
N 12.91, S 12.67 Found:  C 59.48, H 5.70, N 13.17, S 12.74. MALDI TOF MS Mw: 
Calcd: 1500.5 Da, Found: [M+2H] = 1502.6 Da. 
 
(OH)2SnMPCPc (54): 
Yield:  (11%) (0.40 g). IR (KBr, cm-1): 3420 (O-H), 3130(C-H), 2969 (carboxylic acid 
OH), 1614 (C=O) 1553(C=C), 1513, 1422, 1316, 1094, 997, 759 (C-S-C), 631, 614,560, 
(Sn-O), 543. 1H-NMR (DMSO-d6):  δ, ppm 10.13-10.02 (6H, m, Pc-H), 9.42-9.34 (3H, 
br, Pc-H), 7.57-7.46 (4H, m, aromatic), 4.55-4.47 (1H, br, OH), 3.63-3.58 (12H, m, S-
CH2), 3.39-2.31 (12H, m, N-CH2), 2.26-2.17 (24H, m, CH2-methyl) 2.01-1.96(36H, q, 
CH3). UV/Vis (DMF) λmax nm (log ε):  362 (3.71) 726 (4.90). Calc. for 
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C75H100N14S6O5Sn: C 59.73, H 6.29, N 12.35, S 12.12 Found:  C 57.03, H 5.99, N 12.18, S 
12.42. MALDI TOF MS Mw: Calcd: 1587.81 Da, Found: [M+3H] 1590.80 Da. 
 
(OH)2GeMPCPc (55): 
Yield:  (16%) (0.61 g). IR (KBr, cm-1): 3410(O-H), 3131(C-H), 2970 (carboxylic acid 
OH), 1612 (C=O) 1550(C=C), 1435, 1328, 1116, 947, 750 (C-S-C), 700 (ge-O) 634, 544. 
1H-NMR (DMSO-d6):  δ, ppm 10.33-10.26 (6H, m, Pc-H), 9.47-9.40 (3H, br, Pc-H), 
7.62-7.56 (4H, m, aromatic), 4.48-4.41 (1H, br, OH), 3.52-3.43 (12H, m, S-CH2), 3.10-
2.89 (12H, m, N-CH2), 2.51-2.38 (24H, m, CH2-methyl) 1.97-1.81 (36H, q, CH3). 
UV/Vis (DMF) λmax nm (log ε):  345 (3.64) 614 (5.00).Calc. for C75H100N14S6O5Ge: C 
68.15, H 6.49, N 12.72, S 12.48 Found:  C 67.85, H 6.55, N 12.61, S 12.72. MALDI TOF 
MS Mw: Calcd: 1541.75 Da, Found: [M+] 1541.74 Da. 
 
OTiMPCPc (56): 
Yield:  (15%) (0.54 g). IR (KBr, cm-1): 3415 (O-H), 3128(C-H), 2973 (carboxylic acid 
OH), 1617 (C=O) 1549(C=C), 1500, 1428, 1342, 1120, 1038,985 (Ti=O), 754 (C-S-C), 621, 
565. 1H-NMR (DMSO-d6):  δ, ppm 10.30-10.25 (6H, m, Pc-H), 9.50-9.43(3H, br, Pc-H), 
7.61-7.56 (4H, m, aromatic), 4.44-4.37 (1H, br, OH), 3.58-3.49 (12H, m, S-CH2), 3.21-
2.43 (12H, m, N-CH2), 2.28-2.16 (24H, m, CH2-methyl) 1.95-1.77(36H, q, CH3). 
UV/Vis (DMF) λmax nm (log ε): 360 (4.22) 727 (4.93).Calc. for C75H98N14S6O4Ti: C 
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60.09, H 6.54, N 13.08, S 12.84 Found:  C 59.66, H 5.82, N 12.85, S 12.53. MALDI TOF 
MS Mw: Calcd: 1498.99 Da, Found: [M+2H] 1500.98 Da. 
 
2.4.2.4 Tris [9 (10), 16 (17), 23 (24)-4-(2-diethylaminoethanethiol)-2-(4-
carboxyphthalonitrile) phthalocyaninato] Zn (57), (ac)2Sn (58), (OH)2Ge 
(59) and OTi (60), Scheme 3.3 
A mixture of 4-carboxyphthalonitrile (66) (0.22 g, 1.3 mmol) and 4-(2-
diethylaminoethanethiol) phthalonitrile (67) (0.99 g, 3.9 mmol) was firstly finely 
ground and homogenised and placed in a round bottom flask that contained pre-
heated pentanol. The mixture was then stirred under reflux at 160 ˚C for 26 h under 
an argon atmosphere in the presence of excess (6.0 mmol) zinc (II) acetate (or Sn (IV) 
acetate, or Ge (IV) chloride, or Ti (IV) butoxide) as a metal salt and DBU (0.25 mL) as 
a catalyst. Thereafter, the mixture was cooled to room temperature and dropped in 
n-hexane to precipitate. The green solid product was precipitated, collected by 
centrifugation and washed with n-hexane and dried in air. Purification was achieved 
using column chromatography with neutral alumina as column material and 
DCM:MeOH:THF (10:3:3) as eluent, followed by drying. The desired product was 
first washed with water/methanol, then NaOH/methanol and finally washed with 
ethanol, acetone, n-hexane and diethylether in a Soxhlet extraction apparatus.   
ZnMCPc (57): 
Yield: (11 %) (0.12 g). IR (KBr, cm-1): 3435(OH), 3214(C-H), 2850-2985(carboxylic acid 
OH), 1724 (C=O), 1489(C=C), 1346, 1233, 989(Ti=O), 952, 746 (C-S-C),643, 572. 1H-
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NMR (DMSO-d6): , ppm 8.89-8.78 (9H, m, Pc-H), 8.64-8.57 (3H, d, Pc-H), 3.62-3.55 
(12H, m, S-CH2), 2.99-2.90 (12H, m, N-CH2), 2.13-2.01 (18H, dd, CH3). UV/Vis (DMF) 
λmax nm (log ε):  342 (3.52) 688 (4.96).Calc. for C51N11H55O2S3Zn: C 60.03, H 5.42, N 
15.18, S 9.48 Found:  C 59.75, H 5.31, N 14.96, S 9.51. MALDI TOF MS Mw: Calcd: 
1015.22 Da, Found: [M-2H] 1013.30 Da. 
 
(ac)2SnMCPc (58): 
Yield:  (8 %).  IR (KBr, cm-1): 3439(O-H), 3213(C-H), 2824-2897 (carboxylic acid OH), 
1715 (C=O), 1587(C=C), 1326, 1335 (C-O), 1265, 829, 758 (C-S-C), 673, 559 (Sn-O). 1H-
NMR (DMSO-d6):  δ, ppm 9.10-9.19 (9H, m, Pc-H), 8.64-8.67 (3H, br, Pc-H), 4.15-4.22 
(6H, m, ac-CH3) 3.81-3.88 (12H, m, S-CH2), 3.14-3.20 (12H, q, N-CH2), 2.10-2.16 (18H, 
dd, CH3). UV/Vis (DMF) λmax nm (log ε):  330 (3.47), 720 (4.90). Calc. for 
C51N11H55O2S3Sn:  C 57.52, N 14.43, H 5.51, S 9.01; Found:  C 57.74, N 13.55.H 6.39, S 
8.52MALDI TOF MS Mw: Calcd: 1185.71 Da, Found: [M-H]+ 1184.80 Da. 
 
(OH)2GeMCPc (59): 
Yield:  (10%).  IR (KBr, cm-1): 3447(O-H), 3123(C-H), 2854-2969 (carboxylic acid OH), 
1731 (C=O), 1559(C=C), 1447, 1348, 1128, 843, 748 (C-S-C), 701(Ge-O), 610, 543. 1H-
NMR (DMSO-d6):  δ, ppm 9.17-9.19 (9H, m, Pc-H), 8.27-8.29 (3H, br, Pc-H), 4.73-4.78 
(2H, br, OH) 3.37 (12H, m, S-CH2), 2.13-2.24 (12H, q, N-CH2), 1.67-1.74 (18H, dd, 
CH3). UV/Vis (DMF) λmax nm (log ε):  350 (3.26), 695 (4.87). Calc. for C51 
CHAPTER 2  EXPERIMENTAL  
92 
 
N11H57O4S3Ge:  C 57.98, N 14.59, H 5.39, S 9.11; Found:  C 56.32, N 13.17.H 5.39, S 
10.47. MALDITOFMS Mw: Calcd: 1055.59 Da, Found: [M-3H]+1053.18 Da. 
OTiMCPc (60): 
Yield: (8 %).  IR (KBr, cm-1): 3439(O-H), 3213(C-H), 2850-3000 (carboxylic acid OH), 
1719 (C=O), 1491(C=C), 1353, 1238, 987(Ti=O), 962, 742 (C-S-C), 572. 1H-NMR 
(DMSO-d6):  δ, ppm 8.91-8.99 (9H, m, Pc-H), 8.57-8.62 (3H, br, Pc-H), 3.58-3.60 (12H, 
m, S-CH2), 2.96-3.01 (12H, m, N-CH2), 1.98-2.01 (18H, dd, CH3). UV/Vis (DMF) λmax 
nm (log ε):  340 (3.31), 734 (4.91).Calc. for C51N11H55O3S3Ti + H2O:  C 59.32, N 15.20, 
H 5.52, S 9.32; Found:  C 58.69, N 14.43, H 4.29, S 8.73. MALDITOFMS Mw: Calcd: 
1012.88 Da. Found: [M+H]+ 1013.58 Da. 
 
 
2.4.2.5 Synthesis of bis-(1,6-hexanedithiol)SiPc  [SiHDTPc (61)] complex, 
(Scheme 3.4) 
The formation of bis-(1,6-hexanedithiol)SiPc complex was accomplished by heating 
((Cl)2SiPc) (2.0 g , 3.27 mmol) in DMF in the presence of 1,6-hexanedithiol (1.0 g, 6.6 
mmol) under an argon atmosphere, and under reflux at 120˚C for 5 h. The dark blue 
crude product was precipitated out with 1:2 ratio of methanol and water and 
washed with methanol, ethanol, ethyl acetate, acetone and diethyl ether under 
Soxhlet extraction.   
 
Yield:  (65 %).  IR (KBr, cm-1): 3432(O-H), 3123(C-H), 1557(C=C), 1500, 2593(S-H), 
1474, 1350 (CH2), 1235 (C-S), 1092(C-S), 843, 748. 1H-NMR (DMSO-d6):  δ, ppm 8.67-
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8.96 (8H, m, Pc-H), 9.25-9.38 (8H, m, Pc-H), -1.43 to -1.76 (4H, dd, axial ligand), -2.17 
to -2.35 (8H, m, axial ligand-H), -2.39 to -2.87 (4H, dd, axial ligand), -3.14 to -3.87 (8H, 
m, axial ligand-H). UV/Vis (DMF) λmax nm (log ε):  340, (3.76), 676 (5.02).  Calc. for 
C44H42N8S4Si:  C 62.96, H 5.01, N 13.36, S 15.32; Found:  C 62.51, H 4.43 N 12.97, S 
15.61.  MALDI-TOF-MS Mw Calc: 838.02 Da; Found (M + 2H): 840.1 Da. 
 
2.4.3 Preparation of MPc-MNPs conjugates 
2.4.3.1 Synthesis of MPc-GSH capped AuNP conjugates (Scheme 3.5) 
Complexes 58, 59 and 60 were employed in the synthesis of these conjugates, as 
examples. Each of the monocarboxy Pc (10 mg) was firstly dissolved in DMF (10 
mL), then 30 mg DCC was added to convert the carboxylic group (–COOH) of the Pc 
into an active carbodiimide ester group. The mixtures were left to stir at room 
temperature under a nitrogen atmosphere for 48 h. After this time, 20 mL GSH-
AuNPs in (1:1) water:DMF solvent mixture was added to the activated Pc and the 
mixture stirred for 48 h to allow for conjugation of the Pc to the GSH-AuNP to take 
place. After 48 h, the conjugates were separated from un-conjugated nanoparticles 
using an alumina chromatographic column, first using (1:1) 0.1M NaOH:methanol to 
elute the nanoparticles followed by (5:1) DMF:methanol mixture to elute the 
conjugate. In order to ensure that the conjugate were free of unreacted Pcs and 
AuNPs, the solution of the conjugates were run through a size-exclusion column 
(Bio-Beads S-X1 from Bio-Rad) using THF: methanol (2:1) as an eluent. And 69% for 
58, 71% for 59 and 70 % for 60  product yields for the were obtained respectively. 
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2.4.3.2 Synthesis of MPc-AgNPs conjugates (Scheme 3.6) 
Complexes 49, 50, 51 and 52 were employed in the synthesis of the conjugates with 
the spherically, triangular and cubic structured AgNPs. Amino groups and 
carboxylic groups are known to adsorb stronger onto the surface of AgNPs than in 
AuNPs. Briefly, a solution consisting of 80 μM (5 ml) of various MPc complexes was 
mixed with 15 ml (~1.0 absorbance SPR) of each  of the differently shaped AgNPs in 
DMF and allowed to react with stirring in the dark for 72 h to allow for adsorption of 
the Pcs onto the surface of the nanoparticle. The conjugates were then characterized 
with various techniques as discussed later in chapter three. 
2.4.3.3 Formation of SiHDTPc or ZnPc– AgNPs or AuNPs conjugates (Scheme 3.7) 
Unsubstituted ZnPc and SiHDTPc (61) were employed for this particular type of NP-
Pc conjugates, formed via axial coordination. In the synthesis of SiHDTPc-AgNP 
conjugates, a solution of SiHDTPc (10 ml of 100 μM) was mixed with 15 ml of 
uncapped AgNPs in DMF (absorbance ~0.8 surface plasmon resonance, SPR band) 
and allowed to react whilst stirring in the dark under an argon atmosphere for 48 h 
(at room temperature). After this time, the SiHDTPc stabilized AgNPs were obtained 
and characterized. With the synthesis of SiHDTPc-AuNPs, the procedure, conditions 
and amounts of reagents were the same as for SiHDTPc-AgNP conjugates, except 
that TOABr stabilized AuNPs were employed instead of uncapped AgNPs.  
Similarly the ZnPc – AgNP or AuNP conjugates were also synthesized as for the 
SiHDTPc-MNPs conjugates except that 4-mercaptopyridine stabilized MNPs (M = 
Au or Ag) were employed instead of uncapped AgNPs or TOABr capped AuNPs. 
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The amounts of reagents and the procedures were kept the same except that the 
reactions were carried out at 80 °C for 48 h instead of at room temperature. 4-
Mercaptopyridine capped spherical AgNPs were similarly conjugated to ZnPc 
derivatives (49, 53, 57, 68-70). The conjugates were characterized using transmission 
electron microscopy (TEM), powder X-ray diffraction (XRD),  UV-Vis and FTIR 
spectroscopies, all discussed later in this thesis. 
2.4.3.4 Synthesis of quantum dots - phthalocyanine conjugates (Scheme 3.8) 
Complexes 49, 53, 58, 59 and 60 were employed (as examples) for all the Pc ring 
system type. The quantum dot - phthalocyanine conjugates were synthesized and 
purified as follows: Each of the monocarboxy Pcs (10 mg, ~1.0×10-5 mol)  was first 
dissolved in DMSO (10 mL), then 30 mg DCC added to convert the carboxylic group 
(–COOH) of the MPcs into an active carbodiimide ester group. The mixture was left 
to stir at room temperature under a nitrogen atmosphere for 48 h. After this time, 5 
mL of the CdTe@ZnS-CALNN QDs in a water:DMSO (2: 8 ratio) solvent mixture 
was added to the activated Pc and the mixture stirred for 48 h to allow the 
conjugation of the Pc to the QDs to take place. This solvent mixture was employed to 
allow for both MPc complexes and CdTe@ZnS-CALNN to dissolve. The linked QD–
MPc conjugates were purified by washing firstly with water to remove excess DCC 
and unlinked QDs (as the linked conjugates are not soluble in water). The sample 
was then run through a size-exclusion column (Bio-Beads S-X1 from Bio-Rad) using 
DMSO: methanol (2:1) as an eluent to separate any residual impurities (such as 
unlinked MPcs) from the linked conjugate, which eluted first, whilst the remaining 
bands are discarded. The concentration of quantum dot solution was estimated from 
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the size dependent molar extinction coefficient according to literature [377]; their 
molar extinction coefficients were found to be 36600 cm-1 M-1 for CdTe-TGA QDs1 
and 41902 cm-1 M-1 for CdTe-TGA QDs2. These values were also used for the 
CdTe@ZnS, hence they are an estimation for the coreshell QD. A molar ratio of 1.5:1 
(MPcs: QD) for the mixed solutions was employed for FRET studies where the MPc 
was mixed with QDs without formation of a chemical bond. This is the same ratio 
employed in the synthesis of the linked complex, but since the actual amounts of 
QDs in the linked complexes is not known precisely, the linked and mixed MPc:QDs 
may involve different ratios, hence for the comparison, in discussing the results, this 
has to be considered. 
 
2.4.4 Preparation of Pc and Pc-AgNPs modified electrospun nanofibers 
The phthalocyanines which were employed for these studies were unsubstituted 
ZnPc and complexes 49, 53, 58, 59, 60, and 71 which were electrospun into 
polystyrene polymer fibers and their antimicrobial activities compared. In another 
set of experiments, the unsymmetrically substituted zinc complexes (49, 53, and 57), 
together with their symmetrical counterparts (70, 69 and 68), were electrospun alone 
and in the presence of AgNPs for growth inhibition bacterial studies. 
The polystyrene polymer was employed to enable electrostatic and interaction 
between the styrene aromatic systems and the Pcs, and this should prevent leaching 
of the Pcs from the polymer fibers during application. The fibers were prepared by 
mixing the Pc (or Pc-AgNPs) with the polymer solution and the mixture electrospun 
into fibers. The same molar amounts of the particular Pc was added into each 
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polymer solution for comparison.  Briefly, the  following conditions were used: a 
solution containing 2.5 g (1.3 x 10-5 moles of polystyrene (PS)) and the mass 
equivalent (in mg 1.2 x 10-6 moles) of the phthalocyanine in 10 mL DMF/THF (4:1) 
was stirred for 24 h to produce a homogeneous solution. A solvent mixture of 
DMF/THF was employed to allow both the PS and MPc to dissolve. The solution 
was then placed in a cylindrical glass tube fitted with a capillary needle. A potential 
difference of 20 kV (-5 to 15 kV) was applied to provide charge for the 
electrospinning process. 
The distance between the cathode (static fiber collection point) and anode (tip of 
capillary needle) was 15 cm and the syringe set at a pump rate of 0.5 mL/h for the 
electrospun polystyrene polymer fibers without the phthalocyanine molecules. All 
experimental conditions were maintained except that the flow rate was increased to 
1 mL/h with the polystyrene/phthalocyanine composite to avoid clogging of the 
needl
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3.1 Synthesis and characterization of phthalocyanines 
3.1.1 Synthesis  
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Scheme 3.1: Synthesis of 4-cysteinyl phthalonitrile (72) and the corresponding 
tetra substituted monocysteinyl ZnMCsPc (49), (OH)2SnMCsPc (50), 
(OH)2GeMCsPc (51), and OTiMCsPc (52) phthalocyanine complexes. 
The synthesis of the phthalonitrile consisting of a cysteinyl moiety (72) was achieved 
via the route shown in Scheme 3.1, and gave satisfactory characterization results 
corresponding to the predicted structure. 
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Scheme 3.2: Synthesis of low symmetry monophenoxy-carboxy ZnMPCPc (53), 
(OH)2SnMPCPc (54), (OH)2GeMPCPc (55), OTiMPCPc (56) 
phthalocyanine complexes 
Schemes 3.1 and 3.2 show the routes used in the synthesis of complexes (49, 50, 51 
and 52) and (53, 54, 55 and 56), respectively.  
The synthesis of these low symmetry MPc complexes involved the statistical mixed 
condensation method. This method involves two differently substituted 
phthalonitrile precursors (in a 3:1 mol ratio), 63 (B) and 72 (A) for synthesis of 
complexes 49, 50, 51 and 52  (Scheme 3.1) which theoretically lead to mixtures 
(AAAA, AAAB, AABB, ABAB, ABBB, and BBBB) of differently substituted 
phthalocyanine products as previously reported elsewhere [53-55]. The products 
were separated by extensive chromatography techniques employing various solvent 
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mixtures and ratios. A similar synthetic route was employed in the synthesis of 
complexes of 53, 54, 55 and 56 (Scheme 3.2). 
In all cases, after precipitation the crude products were washed with a water: 
methanol (ratio of 9:1) mixture, and centrifuged to remove the AAAA isomer which 
is water soluble, followed by washing with 2 % NaOH: methanol (8:2) solution to 
remove the cis and trans isomers (AABB and ABAB) which are soluble in basic 
aqueous media. The remaining products which were not water soluble were 
separated as described in the experimental section to get the desired (ABBB) 
product. The separation of the desired (ABBB) mono-functionalized Pcs complexes 
from the various compounds formed during synthesis, was a challenging and a 
crucial step, and this results in the relatively low yields obtained for the desired 
products ranging from ~9% to 16%. 
The structural analyses of all the newly synthesized complexes (49-52, 53-56) were 
satisfactory and consistent with the predicted structures as shown in the 
experimental section. The complexes were successfully characterized using a variety 
of spectroscopic techniques such as the UV-vis, Maldi-TOF MS, IR, 1H NMR and 
elemental analyses. The phthalonitrile CΞN vibration in the 2200-2250 cm-1 region 
disappeared upon formation of the low symmetry Pcs (49-52, 53-56), and serves as 
evidence for the formation of phthalocyanines. The infrared data showed aromatic 
signals at lower wavenumbers which are the fingerprint regions of phthalocyanine 
complexes. For complexes 49-52, a characteristic of N-H stretching mode for primary 
amino groups [378] was observed in the region 3325-3385 cm-1, which is typical for a 
cysteine NH2 group. This was supported by a corresponding N-H bending mode in 
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the 1620-1650 cm−1 region. The C-H stretching modes were also observed in the 3100-
3200 cm−1 region. Phthalocyanine aggregation at the concentrations used for the 1H-
NMR measurements leads to broadening and overlap of the aromatic signals [379]. 
The 1H-NMR spectra of all complexes showed the correct integration characteristics 
for the aromatic Pc ring protons between 8 and 10 ppm. All the other 1HNMR signals 
integrated correctly for each complex (49-52, 53-56), giving the expected total 
number of protons and confirming the relative purity and the predicted structures of 
the complexes.   
Mass spectral data obtained were consistent with the structures presented. MPc 
complexes have been observed to degrade with a variety of molecular weight peaks 
[M], [M+nH] or [M-nH] (n = 1–3) [380] being present, thus the observed mass 
spectral data obtained with the molecular weights containing additional 1 to 3 
protons is not surprising. The elemental composition of the various products gave 
satisfactory results corresponding to all predicted structures and confirming the 
degree of purity of the compounds. 
Scheme 3.3 shows the synthetic route employed for the mono-functionalized carboxy 
(57-60) phthalocyanines. A statistical condensation of phthalonitrile 66(B) and 67(A) 
in a 3:1 mole ratio was employed. 
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Scheme 3.3: Schematic representation of the statistical synthetic route used for the 
synthesis of  low symmetry monocarboxy ZnMCPc (57), (ac)2SnMCPc  (58) 
(OH)2GeMCPc (59), and OTiMCPc (60) phthalocyanine complexes 
Phthalonitrile 67 was substituted with bulky groups to enhance the solubility of the 
low symmetry phthalocyanine, thereby also improving the separation of the various 
compounds formed. However the separation of the different structures formed was 
still extremely challenging since it required different solvent ratios with various 
polarities to elute each compound. Chromatographic separation of the desired 
product from the other products was undertaken successfully as described in the 
experimental section. The desired mono functionalized carboxy complexes were 
obtained in relatively low yields, with complex 57 being obtained with a slightly 
higher yield of 11 % compared to 8 %, 10% and 8% for complexes 58, 59 and 60 
respectively. The structural analyses of all the novel compounds (complex 57-60) 
were consistent with the predicted structures. All the 1HNMR spectral data 
contained peaks which integrated correctly to give the expected total number of 
protons for each complex (57-60). This then confirmed the relative purity of the 
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complexes as shown in the experimental section. The IR spectra of the complexes 
showed broad peaks around  ~3400-3500 cm-1  due to the O–H stretch of the 
carboxylic acid functional groups, while peaks at ~3000-3200 cm-1 are due to C–H 
stretches, and sharp intense peaks near ~1600 cm-1 could be assigned to the C=O 
groups of the carboxylic acid could also be assigned. The peaks found at 730-750 cm-
1 are due to C-S-C bond of the substituents. The mass spectra were acquired using α-
cyano-4-hydroxycinnamic acid. The matrix employed in this work is known [380] to 
intensify the fragmentation process, however the observed mass spectral data gave 
molecular ion peak signals corresponding to the predicted structures as shown in the 
experimental section. All the other characterization techniques confirmed the 
structures for each compound as presented in the experimental section in chapter 
two.   
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Scheme 3.4. Synthesis of bis-(1,6-hexanedithiol)SiPc  (SiHDTPc (61)) complex 
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SiPc can coordinate a variety of organic ligands via axial ligation [94-96]. The 
synthesis of the axially ligated alkyldithiol SiPc complex 61 is presented for the first 
time. The SiHDTPc (61) complex was obtained by substitution of the dichloride axial 
ligands of the SiPc with 1,6-hexanedithiol in the presence of DMF as a solvent. The 
appearance of S-H (at ~2593 cm-1) signals were observed in the IR spectra of the 
complex (61) suggesting successful substitution. High yields of about 65% were 
obtained for the complex, and its purity was further confirmed using various 
characterisation techniques such as UV-Vis, mass spectra, FTIR, 1H NMR and 
elemental analyses. All techniques gave satisfactory results corresponding to the 
predicted structure of the complex.  
 
3.1.2 UV-vis spectral characterization 
Figure 3.1: Ground state electronic absorption spectra of monocysteinyl 
ZnMCsPc (49), (OH)2SnMCsPc (50), (OH)2GeMCsPc (51), and OTiMCsPc (52) 
MPc complexes in DMF, conc = 8 × 10-6 mol.L-1. 
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The ground state electronic absorption spectra of complexes 49-52, are presented in 
Fig. 3.1. A clear split in the Q-band absorption was observed for the titanium 
phthalocyanine derivative (52) in DMF. Broadening and splitting of absorption 
spectra is known to be due to loss of symmetry [68].  The splitting of spectra is due 
to the lifting of the degeneracy of the lowest unoccupied molecular orbital (LUMO) 
to some extent. Interaction between the Pc and the axial ligands has been reported to 
result in the splitting of the Q-band in TiPc [381], this may explain the split in the Q 
band for 52, in addition to loss of symmetry due to unsymmetrical substitution. The 
OTi (52) complex was blue shifted compared to the other complexes. The Q-band 
absorption (Fig. 3.1 ) of the germanium phthalocyanine derivative (51) was red 
shifted compared to complex 49, 50  and 52, Table 3.1. Metal-dependent shifts in the 
Q-band for phthalocyanines has been reported where there is considerable deviation 
from planarity in the macrocycle [382]. A red shift in the Q-band has also been 
reported with an increase in the covalent radii of the central metal [383]; this is 
observed in Fig. 3.1. The Q-band absorption spectra of the zinc (49) and tin (50) 
derivatives were narrow and they were observed at similar wavelengths, Table 3.1.  
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Figure 3.2: Ground state UV-vis spectra of low symmetry monophenoxy-carboxy 
ZnMPCPc (53), (OH)2SnMPCPc (54), (OH)2GeMPCPc (55), OTiMPCPc (56) 
phthalocyanine complexes in DMF. conc = 8 × 10-6 mol.L-1. 
Fig. 3.2 shows the absorption spectra of the low symmetry monophenoxy carboxy 
complexes (53-56) in DMF. A significant split and broadening of the Q band in 
absorption spectra was observed for the (OH)2Sn (54) and OTi (56) derivatives in 
DMF. The broadening of the Q-band in symmetrical Pcs is usually associated with 
aggregation [133-139], however for unsymmetrically substituted phthalocyanines, 
lack of symmetry will also result in broadening or splitting of spectra. The 
corresponding Zn (53) and (OH)2Ge (55) complexes showed monomeric behaviour 
and did not show a splitting of the Q-band. 
 
The Q-band absorption spectra of complexes 53-56 were red shifted compared to the 
49-56 complexes Table 3.1, due to the high number of electron donating (sulfur) 
groups present on the periphery. The red shifting observed in the spectra may also 
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be associated with the conformational distortion caused by the steric hindrance 
induced by the number of bulky substituents at the periphery of the complexes [384]. 
 
Table 3.1.UV-Vis and fluorescence spectral properties of various MPc complexes 
in DMF. 
Compound Q-abs 
(nm) 
Q-exci  
(nm) 
Q-emi  
(nm) 
stokes  
(nm) 
Log ɛ 
 
ZnMCsPc 
(49) 
678 677 697 20 5.09 
(OH)2SnMCsPc 
(50) 
680 681  693 12  4.84 
(OH)2GeMCsPc 
(51) 
691 691  698 7 5.04 
OTiMCsPc 
(52) 
696,671  693, 672  703 10  4.98 
ZnMPCPc 
(53) 
695 700 710 10 5.12 
(OH)2SnMPCPc 
(54) 
727, 737  725  738  13  4.90 
(OH)2GeMPCPc 
(55) 
714  713  723  10  5.00 
OTiMPCPc 
(56) 
726,742  735  747  12  4.93 
ZnMCPc 
(57) 
688 688 710 22 4.96 
(ac)2SnMCPc 
(58) 
720 712,725 748 23 4.90 
(OH)2GeMCPc 
(59) 
695 696 700 4 4.87 
OTiMCPc 
(60) 
734 755 765 10 4.91 
SiHDTPc 
(61) 
676 676 683 7 5.02 
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The ground state absorption spectra for complexes 57-60 are shown in Fig. 3.3.  A 
clear broadening of the Q band was observed for the SnPc derivative (58). The TiPc 
derivative (60) did not show splitting but the Q band was broadened. The 
broadening could be due to a lack of symmetry and/or aggregation. 
 
Figure 3.3: Ground state electronic UV-vis spectra of low symmetry monocarboxy 
ZnMCPc (57), (ac)2SnMCPc  (58), (OH)2GeMCPc (59), and OTiMCPc (60) 
phthalocyanine complexes  in DMF. conc = 8 × 10-6 mol.L-1. 
Less broadening was observed for the ZnPc and GePc derivative (57 and 59). The Q-
band absorption maxima in DMF (Fig.3.3) for the various mono-carboxy Pc’s were 
observed at completely different wavelengths (Table 3.1). As shown in Table 3.1, the 
(OH)2Sn (54), (Ac)2Sn (58) and OTi (56 and 60) complexes were red shifted relative to 
all the other complexes under investigation in this thesis, probably due to the 
distortion discussed above [384]. This red shifting has also been attributed to the 
coordination of certain ligands to the Pc ring leading to enlargement of the -system 
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of the Pc [385, 386]. However certain central metals such as Ti and Sn are known to 
result in a red shift of the Q band [382]. 
Charge transfer bands were observed (Fig. 3.3) for complexes 58-60 in the region of  
400 to 500 nm, with complex (59) showing the most prominent charge transfer band. 
 
 
Figure 3.4: Ground state electronic absorption spectra of OTiMCPc (60) at various 
concentrations: (i) 2 х 10-6 (ii) 4 х 10-6, (iii) 6 х 10-6, (iv) 8 х 10-6, (v) 10 х 10-6,  (vi) 12 х 
10-6 and 14 х 10-6 mol dm-3 in DMF. 
Fig. 3.4 shows that as the concentration of complex (60) was increased, the intensity 
of the Q-band absorption maxima also increased, with no new blue shifted bands 
appearing normally associated to aggregated species. The same trend was also 
observed with the complexes (49-59) which also did not show aggregation in DMF. 
The Beer–Lambert Law was obeyed for all of these complexes in concentrations 
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ranging from 2 ×10-6 to 14 × 10-6 mol dm-3. These studies confirm that the broadness 
in the absorption spectra is not due to aggregation, but most likely due to the low 
symmetry of the complexes, especially with complexes 58 and 60 as well as 54 and 
56. OTiPc complexes (in general) are known to have a slightly square pyramidal 
structure [385]. Sn is a large metal therefore it also does not fit into the Pc ring. This 
may explain why both OTiPc (52, 56 and 60) and SnPc (50, 54 and 58) derivatives 
show increased broadening in the spectra, due to the effects caused by both the 
central metal and the unsymmetrical nature of the substituents. In this work, the red 
shifting of the Q band for complex 53-60 was strongly influenced by the electron 
donating nature of the diethylaminoethanethiol substituents. 
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Figure 3.5: Chemical structures of the symmetrically substituted phthalocyanines 
These ZnPc derivatives (68-71) (Fig.3.5) have been reported before [14, 136, 373, 375, 
376]. Their spectral properties are studied in this thesis and compared to their 
corresponding asymmetrical counterparts. The ZnPc derivatives were selected since 
these complexes have been widely synthesized and have been used extensively in 
phthalocyanine chemistry and their chemistry is fully understood. This will 
therefore assist in the explanation of the effect of symmetry on the physicochemical 
behaviour of the complexes. The spectra of the complexes together with their 
symmetrical derivatives are presented in Fig. 3.6. 
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Figure 3.6: Ground state electronic absorption spectra of symmetrical (solid line) 
versus unsymmetrical (dotted lines) ZnPc derivatives in DMF. Conc ~ 8 × 10-6 
mol.L-1. 
The absorption spectra of complex (70) tetra-substituted with phenoxy groups was 
blue shifted compared to the corresponding unsymmetrically substituted complex 
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(49). The red shifting observed can be explained in terms of the electron donating 
behaviour of the sulfur atom present in the cysteinyl moiety being replaced by one 
phenoxy group, thus increasing the electron density of the Pc ring. In contrast to the 
other set of complexes, the absorption spectra of low symmetry complexes (53 and 
57) were blue shifted compared to their symmetrical counterparts (69 and 68). This 
could have been a result of the electron withdrawing behaviour of the carboxylic 
acid groups present at the periphery for 53, and 57, which reduces the  size of the 
HOMO-LUMO gap. 
3.1.3 Fluorescence spectra 
 
Figure 3.7: Absorption (solid blue line), fluorescence excitation (dotted red line) 
and emission spectra of (OH)2GeMCsPc (51), OTiMCsPc (52), ZnMCPc (57) and 
(ac)2SnMCPc (58) low symmetric MPc complexes in DMF. 
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Shown in Fig. 3.7 are the absorption, fluorescence excitation and emission spectra of 
the various low symmetry Pcs in DMF and the figure serves as an example for the 
rest of the complexes studied. The fluorescence emission spectra of the (OH)2Ge (51) 
and Zn (57) complexes were mirror images of both the absorption and the excitation 
spectra, while the excitation spectra was similar to the absorption spectra, typical of 
monomeric MPc complexes. However, there was a disagreement of the absorption, 
fluorescence excitation and emission spectra for the OTi (52) and (Ac)2Sn (58) 
complexes and all complexes which showed broadening or split Q bands. The 
disagreement of the absorption and excitation spectral properties has been 
documented before (i.e. InPc [371] derivatives). Enhanced splitting of the Q band in 
the excitation spectra confirms the lack of symmetry in these complexes. 
Phthalocyanines in general are known to fluoresce with only one main peak which 
has been assigned as the 0-0 transition in the fluorescence process [387], hence one 
peak in the emission spectra. 
 
3.2 Synthesis of characterization of nanoparticles and their phthalocyanine 
conjugates 
3.2.1 MPc-GSH capped AuNPs conjugates 
3.2.1.1 AuNPs alone 
Glutathione capped AuNPs were prepared from the initial TOABr stabilized 
nanoparticles as explained in the experimental section. Glutathione was selected as 
the tri-peptide of interest in this work because the availability of a free cysteinyl thiol 
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group that has a high binding affinity for gold [388]. However, oxidation is a major 
problem with GSH solutions because of this free thiol present in the peptide 
sequence.  
During ligand exchange reactions the GSH solutions, were carefully evacuated to get 
rid of excess oxygen and saturated with argon gas to create an inert environment to 
prevent oxidation of GSH to oxidized glutathione (GSSG). Glutathione has a 
terminal free amino group that can be coupled to a carboxylic acid of a 
photosensitizer. Glutathione is also the most abundant thiol containing tri-peptide in 
the cytoplasm, serving as a reducing agent in biochemical processes. Glutathione has 
been previously employed in situ for targeting and nanoparticles based drug 
delivery systems [389]. 
 
Figure 3.8: Ground state electronic absorption spectra of GSH-AuNPs in water. 
Following TOABr ligand exchange with glutathione, the nanoparticles were highly 
soluble in aqueous solution, suggesting that a strong interaction between the AuNP 
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and GSH has occurred. Fig. 3.8 shows UV-vis spectra of GSH-AuNPs with a surface 
plasmon resonance band at 533 nm, typical of GSH stabilized AuNPs [390].  
 
Figure 3.9: Transmission electron microscope (TEM) images of GSH capped 
AuNPs (a), linked to (ac)2SnMCPc (58) (b), (OH)2GeMCPc (59) (c) and OTiMCPc 
(60) (d). 
The nanoparticles were further characterised by TEM, Fig. 3.9(a) and their size was 
determined to be 5.2 nm.  
Structurally, gold nanoparticles are characterized by a face cantered cubic crystal 
structure (fcc) that resembles that of bulk gold as shown in the XRD spectra of GSH-
AuNPs Fig. 3.10, which is typical of AuNPs [391]. The size of the GSH-AuNPs was 
estimated using equation 2.1 and also found to be 5.2 nm (as with TEM). 
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Scheme 3.5: Schematic representation route of coupling glutathione caped gold 
nanoparticles (GSH-AuNP) to low symmetry monocarboxy MPcs (58, 59 and 60). 
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Following the synthetic route shown in Scheme 3.5, these nanoparticles were then 
coupled to the following low symmetry metallophthalocyanines: (ac)2SnMCPc (58), 
(OH)2GeMCPc (59) and OTiMCPc (60). This resulted in GSH capped AuNPs – low 
symmetry phthalocyanine conjugates formed via the terminal amine of GSH and the 
free carboxylic acid of the Pc that was pre-activated with DCC, as mentioned earlier 
in the experimental section.  The conjugates are represented as (ac)2SnMCPc(58)-
GSH-AuNPs, (OH)2GeMCPc(59)-GSH-AuNPs and OTiMCPc(60)-GSH-AuNPs 
respectively. All the low symmetry complexes reported in this work could form 
conjugates with AuNPs. The monocarboxy complexes (58-60) were chosen here as 
examples. However, the monocysteinyl ring systems (49-52) were not chosen since 
activated carboxylic groups may bind to the amino group of the neighbouring Pc 
complex.  
The TEM images in Fig. 3.9 (a) shows dispersed nano-spherically shaped GSH-
AuNPs. A clear indication of agglomeration was observed from the TEM images of 
the (ac)2SnMCPc(58)-GSH-AuNPs (b), (OH)2GeMCPc(59)-GSH-AuNPs (c) and 
OTiMCPc(60)-GSH-AuNPs (d) conjugates, suggesting that there is some form of 
aggregation upon conjugation of these molecules. The (OH)2GeMCPc(59)-GSH-
AuNPs  (c) conjugate is visually different compared to the 58 and 60 NP conjugates, 
displaying a different form of agglomeration.  For the (OH)2GeMCPc(59)-GSH-
AuNPs  (c), Fig. 3.9c, isolated circular islands for the agglomerates were observed. 
Fig. 3.10 compares the XRD spectra (parameters are listed in Table 3.2) of the 
(ac)2SnMCPc(58)-GSH-AuNP, (OH)2GeMCPc(59)-GSH-AuNP and OTiMCPc(60)-
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GSH-AuNP conjugates, the unconjugated MPc complexes and the GSH-AuNPs 
alone. 
 
 
Figure 3.10: XRD spectra of GSH-AuNPs and their MPc conjugates 
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A broadening of the XRD peaks was observed for the monocarboxy Pcs (MCPc) (58, 
59 and 60) suggesting that the complexes are present in an amorphous form as 
shown in Fig. 3.10. For the (ac)2SnMCPc (58)-GSH-AuNPs and OTiMCPc (60)-GSH-
AuNPs, the peak near 2 = 25 for the Pc alone is assigned to the 002 reflection 
planes of carbon [392]. These observed peaks have been documented previously for 
other MPc complexes and they are thought to be due to the amorphous nature of 
phthalocyanines [393]. 
The XRD spectra of the MPcs-GSH-AuNPs show a number additional peaks 
corresponding to the GSH-AuNPs when compared to the MPcs alone, suggesting 
conjugation of the MPc to the nanoparticles. A change in 2θ angles and d-spacings, 
including the appearance of new peaks in the XRD spectra, Table 3.2, confirms the 
formation of a new structure [394]. 
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Table 3.2: XRD parameters for the GSH-AuNPs, monocarboxy phthalocyanines 
(ac)2SnMCPc(58)-GSH-AuNPs, (OH)2GeMCPc(59)-GSH-AuNPs and 
OTiMCPc(60)-GSH-AuNPs and their conjugates with GSH-AuNPs. 
Compound D – spacing and 2Ѳ˚ angles for peaks  
(58) d- spacing  3.48 1.48 1.20      
2Ѳ˚ angle 25.6 62.9 79.8      
(58)-GSH-AuNPs d- spacing  5.00 2.36 2.04 1.44 1.23 1.18 1.02  
2Ѳ˚ angle 17.7 38.1 44.4 64.5 77.6 81.8 98.4  
(59) d- spacing  1.49 1.19       
2Ѳ˚ angle 62.3 80.8       
(59)-GSH-AuNPs d- spacing  2.36 2.04 1.45 1.23 1.17    
2Ѳ˚ angle 38.2 44.4 64.3 77.7 82.1    
(60) d- spacing  3.71 1.48 1.19      
2Ѳ˚ angle 23.9 62.9 80.2      
(60)-GSH-AuNPs d- spacing  5.78 5.13 3.82 3.10 2.36 2.03 1.44 1.23 
2Ѳ˚ angle 15.3 17.3 23.3 28.8 38.2 44.7 64.6 77.8 
GSH-AuNPs d- spacing  2.35 2.04 1.44 1.23 1.18 1.02   
2Ѳ˚ angle 38.2 44.3 64.7 77.7 81.8 98.2   
 
For all the Pc-GSH-AuNPs conjugates, Fig. 3.10, two peaks appeared corresponding 
to the GSH-AuNPs at 38.1-38.2˚ and 44.4-44.7˚ (Table 3.2). These broad peaks are 
typical of GSH-AuNPs. The peak near 65˚ is due to both the GSH-AuNPs and the 
Pcs. Sharp peaks were observed for the (60)-GSH-AuNPs conjugates, in addition to 
the GSH-AuNPs peaks suggesting that a crystalline, bulky structure may have been 
formed. The nanoparticle peaks appear with lower intensity at the 38.2˚ and 44.7˚ for 
(60)-GSH-AuNPs. Broadening and overshadowing of peaks was also seen for peaks 
centered at 64.6 and 77.8˚ for (60)-GSH-AuNPs. Less broadening was observed for 
the (58)-GSH-AuNPs conjugate, compared to the (59)-GSH-AuNPs conjugates. A 
new broad peak was observed for the former conjugate at 17.7˚ which might be the 
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shifted peak of complex (58). The other six peaks observed at 2θ = 38.1, 44.4, 64.5, 
77.6, 81.8 and 98.4˚ (Table 3.2) corresponds to the GSH-AuNPs peaks. 
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Figure 3.11: Infrared spectra of (ac)2SnMCPc (A) (58), (OH)2GeMCPs (B) (59), 
OTiMCPc (C) (60) and; linked to GSH-AuNPs (i) and Pc alone (ii).   
The FTIR spectra (Fig. 3.11) also served as a qualitative tool to confirm conjugation of 
the MPcs to the GSH-AuNPs. The sharp bands observed in all the (i) IR spectra at 
3420 cm-1 Fig. 3.11A, 3342 cm-1 in Fig. 3.11B, and 3332 cm-1 Fig. 3.11C are an 
indication of the presence of successful amide linkages resulting from the –NH 
stretching respectively, confirming the formation of conjugate. Bands resulting from 
the C=O stretching in the amide link were also observed as doublets for all the 
conjugates. For the (OH)2GeMCPc-GSH-AuNPs conjugate  (Fig. 3.11B, (i)) the C=O 
stretching was observed at 1593 and 1538 cm-1, while in the OTiMCPc-GSH-AuNPs 
(Fig. 3.11C (i)) conjugate it was at 1600 and 1545 cm-1 and the (ac)2SnMCPc-GSH-
AuNPs (Fig. 3.11A (i)) conjugate showed these bands to be at 1634 and 1519 cm-1.  
The peaks below 1500 cm-1 are always observed as phthalocyanine fingerprints. The 
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free carboxylic acid carbonyl (C=O) stretching of the GSH alone was also observed 
for all the complexes, i.e. at 1709 cm-1 for the (OH)2GeMCPc-GSH-AuNPs, at 1710 
cm-1 for the OTiMCPc-GSH-AuNPs, and at 1723 cm-1 for the (ac)2SnMCPc-GSH-
AuNPs conjugate. The IR spectra of the Pcs alone all show sharp doublet C-H 
stretches at 2964 cm-1, Fig. 3.11B (ii), 2963 cm-1, Fig. 3.11C (ii),  and 2970 cm-1, Fig. 
3.11A (ii). These are due to the aliphatic C-H of the methyl and methylene groups at 
the peripheral ligands. The carboxylic acid carbonyl (C=O) stretching band was 
observed at 1714 cm-1 for the (OH)2GeMCPc, at 1715 cm-1 in the OTiMCPc and at 
1738 cm-1 for the (ac)2SnMCPc complex, respectively. All other peaks below the 
region of 1500 cm-1, which were observed in the conjugate, are in the phthalocyanine 
figure print region.  
In the UV/Vis spectra, no drastic changes (Fig. 3.12) were observed in the Q-band 
maxima for all the MPc complexes before and after the low symmetry 
phthalocyanine complexes were mixed with the GSH-AuNPs, indicating no 
discernable interaction. A 1 to 3 nm shift was observed as a result of change in the 
environment after mixing MPcs with GSH-AuNPs.  
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Figure 3.12: Ground state absorption spectra of (ac)2SnMCPc (A) (58), 
(OH)2GeMCPc (B) (59), and OTiMCPc (C) (60); Pc alone (i), mixed with GSH-
AuNPs (ii) and linked (iii) in DMF. 
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A broad absorption band was observed in the region between 450-550 nm, due to the 
SPR band of AuNPs. Significant blue shifting in the Q band was observed for all the 
Pc complexes after they were chemically coupled to the GSH-AuNPs. The titanium 
complex (OTiMCPc-GSH-AuNPs) showed largest spectral separation in the Q band 
between the conjugate (711 nm) and the Pc alone (734 nm) when linked (Fig. 3.12C, 
Table 3.3), confirming successful coupling to the nanoparticles.  
 
Table 3.3: Spectral properties of the various MPcs and their conjugates 
 
In phthalocyanine chemistry, blue shifting and broadening of the Q band, in most 
cases, may be explained as a result of the coplanar association of the phthalocyanine 
rings, progressing from monomers leading to aggregates. However, in the case of 
these MPc-GSH-AuNPs conjugates, while the Q band is blue shifted, the shape of the 
Q band is not typical of aggregation. The blue shifting is attributed to the electron 
withdrawing nature of the carboxylic groups [395, 396] of the GSH from GSH-
AuNPs leading to an increase in the highest unoccupied molecular orbital (HOMO) 
–lowest unoccupied molecular orbital (LUMO) gap of the MPcs. This blue shift in 
Complex 
 
Q Abs 
 (nm) 
MPc alone 
Q Abs 
 (nm) 
Mixed with GSH-
AuNPs 
Q Abs 
 (nm) 
Linked to GSH-
AuNPs 
(ac)2SnMCPc (58) 
 
720 720 702 
(OH)2GeMCPc (59) 
 
695 693 680 
OTiMCPc (60) 
 
734 733 711 
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the Q-band is also seen with the (ac)2SnMCPc-GSH-AuNPs (Fig. 3.12A) and 
(OH)2GeMCPc-GSH-AuNPs (Fig. 3.2B). Additionally, the blue shifting also shows 
that the sulphur groups (which result in red shifting in Pcs) are now engaged with 
AuNPs, serving as a confirmation for successful coupling of the Pc complexes to the 
nanoparticles. 
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Figure 3.13: Ground state absorption (i), fluorescence excitation (ii) and emission 
(iii) spectra of (ac)2SnMCPc-GSH-AuNPs (A), (OH)2GeMCPc-GSH-AuNPs (B), 
OTiMCPc-GSH-AuNPs (C) and  in DMF 
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Fig.3.13 shows the absorption, fluorescence excitation and emission spectra of the 
MPcs-GSH-AuNPs conjugates. The absorption and excitation spectra of all the 
conjugates were similar (apart from AuNP SPR band near 500 nm) and directly 
overlapped each other suggesting no changes in symmetry of these molecules upon 
excitation. The fluorescence emission spectrum of the (OH)2GeMCPc-GSH-AuNPs 
(Fig. 3.13B) was a mirror image of both the absorption and excitation spectra, typical 
of non-aggregated Pcs.  There was also a good agreement between the fluorescence 
excitation and absorption spectra of both OTiMCPc-GSH-AuNPs (Fig. 3.13C) and 
(ac)2SnMCPc-GSH-AuNPs (Fig. 3.13A). 
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3.2.2 Conjugates of variously shaped of AgNPs with MPcs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.6: Schematic route for the conjugation of complexes 49, 50, 51 and 52 
with the various shapes (spherical, cubic, and triangular) of AgNPs  
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3.2.2.1 AgNPs alone 
The complexes employed in this part of the thesis are those that are substituted with 
a monocysteinyl group, i.e. ZnMCsPc (49), (OH)2SnMCsPc (50), (OH)2GeMCsPc(51) 
and OTiMCsPc (52), Scheme 3.6. The monocysteinyl moiety consists of both a 
carboxylic acid group and an amino group, and the rest of the peripheral positions 
contain phenoxy groups that allow increased solubility in most common organic 
solvents. Amino groups have a higher binding affinity for silver, and carboxylic acid 
groups can also coordinate to the surfaces of the silver nanoparticles, protecting the 
latter against oxidation [119-127,242]. Thus the use of cysteinyl groups in this work.  
Various shapes and sizes of AgNPs were synthesized as mentioned in the 
experimental section. The nanoparticles were characterized by TEM, XRD  and UV-
Vis spectroscopy.  
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Figure 3.14: Low resolution transmission electron microscope images of spherical 
citrate capped (a), triangular citrate capped (b) and cubic PVP capped AgNPs. (c), 
spherical AgNPs + (OH)2SnMCsPc (50) (d), triangular  AgNPs + (OH)2SnMCsPc 
(50) (e), and cubic AgNPs + (OH)2SnMCsPc (50) (f). 
The TEM images obtained for the various nanoparticles are shown in Fig. 3.14. 
Spherical (a), triangular (b) and clustered cubic (c) shapes of AgNPs were observed. 
The triangular shaped AgNPs were observed to be slightly agglomerated, with the 
AgNPs stacking to each other. An isolated cubic AgNP is shown in the insert, 
showing its clear cubic structure. The size distributions of the nanoparticles ranged 
from 15 nm for the spherical, 54 nm for the triangular and 60 nm for the cubic 
shaped nanoparticles.  
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Figure 3.15: X-ray diffraction pattern spectra of spherical (a), triangular (b) and 
cubic AgNPs (c). 
The XRD (Fig. 3.15) revealed peaks to be broader for the spherically shaped 
nanoparticles (Fig. 3.15a) corresponding to a relatively smaller sized nanoparticles, 
compared to the triangular (b) and cubic (c) shaped structures that showed narrow 
peaks, as a result of larger sized nanoparticles. All the nanoparticles exhibited the 
face centred cubic crystal structure (fcc) of silver. 
 
The ground state electronic UV-Vis spectra of various AgNPs are presented in Fig 
3.16. The surface plasmon resonance bands (SPR) of the various AgNPs were 
observed to be situated at completely different wavelengths. The SPR band of the 
spherical AgNPs was observed at 412 nm which is typical for these NPs [218, 367].  
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Figure 3.16: Ground state electronic absorption spectra of various AgNPs in DMF. 
Insert: corresponding digital images. 
After etching the spherical AgNPs to form the triangular shaped AgNPs, a 
significant shift in the SPR band maxima from 412 to 460 nm, accompanied by a 
change in colour (Fig. 3.16 insert) due to changes in morphology, and apparently an 
increase in size distribution as judged by the broadening of the SPR band. The cubic 
structured AgNPs showed a large broadening of the SPR band, with two bands at 
460 nm and at 590 nm, respectively. 
3.2.2.2 Conjugates 
All AgNPs were found to be agglomerated in the presence of phthalocyanines as 
observed for the (OH)2SnMCsPc (Fig. 3.14 d, e, f), for spherical, triangular and cubic 
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shaped NPs respectively.  The cubic and triangular structured AgNPs were more 
agglomerated in the presence of phthalocyanines resulting in a difficulty in 
observing the edges of the AgNPs. Low resolution TEM (the insert Fig. 3.14 (e)) 
revealed a single triangular shaped AgNP.  
Spherical AgNPs 
Figs. 3.17 show the ground state UV-vis spectroscopic properties of the various MPc 
complexes in the presence of spherical AgNPs in DMF.  
 
 
Figure 3.17: Ground state UV-vis spectra of ZnMCsPc (49) (A), (OH)2SnMCsPc (50) 
(B), (OH)2GeMCsPc (51) (C), and OTiMCsPc (52) (D); Pc alone (i), spherical citrate 
AgNPs alone (ii) and Pcs in the presence spherical AgNPs (iii) in DMF. 
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No change in the Q-band absorption of the ZnMCsPc (49) (Fig. 3.17A) complex was 
observed after interaction with spherical AgNPs, Table 3.4. An appearance of a new 
band at the region around 400 nm corresponding to the AgNPs SPR band, close to 
the B-band, was observed in spectra of the conjugate, suggesting the presence of 
AgNPs. The OTiMCsPc (52) complex (Fig. 3.17D (i)) shows a slight red shifting of the 
main Q-band (Table 3.4), accompanied by a partial collapse of the band at 696 nm on 
conjugation to AgNPs. The 696 nm band was attributed to a loss of symmetry for the 
OTiMCsPc (52) above. The disappearance of this band suggests a regain in 
symmetry due to the attachment of the AgNPs. A small blue shift in the Q-band 
maxima was observed for the (OH)2SnMCsPc (50), in contrast to OTiMCsPc (52) that 
showed a red shift.  A blue shift is expected when amino groups are engaged, since 
their electron donating nature results in a red shift in the spectra. There were no 
spectral shifts in the presence of AgNPs for the (OH)2GeMCsPc (51), however there 
was broadening in the 600 – 650 nm region. Broadening of the phthalocyanine Q-
band absorption in the presence of nanoparticles such as Au, has been attributed the 
a tight packing of phthalocyanines on the nanoparticle [176] 
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Table 3.4: Spectral properties of the various MPcs in the presence of various 
AgNPs 
 
Triangular AgNPs 
Fig. 3.18 shows a comparison of the various MPcs in the presence of triangular 
shaped AgNPs. Red shifting of the Q-band was observed for all the complexes in the 
presence of triangular shaped AgNPs, Table 3.4. Smaller spectral shifts ~2 nm in the 
Q-band maxima was observed for the ZnMCsPc (49) (Fig. 3.18A) (triangles) and the 
(OH)2GeMCsPc (51) (Fig. 3.18C) in the presence of AgNPs. 
 
 
 
 
Complex Q-abs 
(nm) 
MPcs alone 
Q-abs 
(nm) 
Pc + Spheres 
Q-abs 
(nm) 
Pcs + triangles 
Q-abs 
(nm) 
Pcs + cubes 
ZnMCsPc  
(49) 
678 678 680 680 
(OH)2SnMCsPc 
(50) 
680 678 690 680 
(OH)2GeMCsPc 
(51) 
691 691 693 691 
OTiMCsPc 
(52) 
671  674 680 680 
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Figure 3.18: Ground state UV-vis spectra of ZnMCsPc (49) (A), (OH)2SnMCsPc (50) 
(B), (OH)2GeMCsPc (51) (C), and OTiMCsPc (52) (D), alone (i), triangular AgNPs 
alone (ii) and Pcs in the presence triangular AgNPs (iii) in DMF. 
Large and significant spectral red shifting was observed for the OTiMCsPc (52) (Fig. 
3.18D) and (OH)2SnMCsPc (50) (Fig. 3.18B) in the presence of the triangular shaped 
AgNPs Table 3.4. The broadening observed in the region around 630 nm for the 
OTiMCsPc (52) in the presence of AgNPs is attributed to the tight packing of the Pcs 
on the NP as described above.  
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Figure 3.19: Ground state UV-vis spectra of ZnMCsPc (49) (A), (OH)2SnMCsPc (50) 
(B),  (OH)2GeMCsPc (51) (C), and OTiMCsPc (52) (D), alone (i), cubic AgNPs alone 
(ii) and Pcs in the presence cubic  AgNPs (iii) in DMF. 
Cubic AgNPs 
A small red shift was observed in the Q-band for the ZnMCsPc (49) (Fig. 3.19A), 
while no shift was detected for the (OH)2GeMCsPc (51) (Fig. 3.19C) and 
(OH)2SnMCsPc (50) (Fig. 3.19B) complexes in the presence of the cubic structured 
AgNPs (Table 3.4). The OTiMCsPc (52) (Fig. 3.19D) showed the same behaviour as 
that for the presence of the spherical NP, with small red shifts accompanied by a 
disappearance in the shoulder band around 696 nm. All MPcs showed characteristic 
appearance SPR band corresponding to each shape of AgNPs and changes in 
absorption spectra suggesting strong interaction of both components in solution.  
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3.2.3 Conjugates of axially ligated SiPc (61) and ZnPc phthalocyanines with 
spherical AuNPs and AgNPs 
Scheme 3.7 shows conjugation of ZnPc and SiPc to MNPs through axial ligation. 
 
 
Scheme 3.7: Schematic representation of the conjugation of ZnPc or  SiHDTPc (61) 
with MNPs 
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3.2.3.1 NPs alone. 
Uncapped AgNP or AuNPs stabilized (with TOABr) were synthesised for use in the 
direct coordination with SiHDTPc (61) respectively. 
The MNPs were stabilized with 4-mercaptopyridine to allow for further axial 
coordination to ZnPc. The reaction of zinc complexes with pyridine derivatives via 
axial ligation is well known [92].  
 
Figure 3.20: UV-vis spectra of (A) (i) uncapped AgNPs and (ii) AgNPs capped with 
4-mercaptopyridine and (B) TOABr-AuNPs (i) and 4-mercaptopyridine AuNPs (ii) 
in DMF. 
The surface plasmon resonance (SPR) band was observed at 412 nm for uncapped 
AgNPs (Fig. 3.20A (i)) and at 516 nm for TOABr stabilized AuNPs (Fig. 3.20B (i)). 
The SPR peaks, were observed at 412 for 4-mercaptopyrine stabilized AgNPs (Fig. 
3.20A (ii)) and at 490 nm for AuNPs (Fig. 3.20B (ii)) capped with 4-
mercaptopyridine. 
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Figure 3.21: X-ray diffraction pattern of (A) ZnPc alone (i),   ZnPc-4MPy-AgNPs 
(ii), and 4-MPy-AgNPs alone (iii). (B) SiHDTPc alone (i),  SiHDTPc-TOABr-
AuNPs,  (ii) and TOABr capped AuNPs alone (iii). 
Figure 3.21A and B (traces (iii)) shows the X-ray powder diffraction (XRD) pattern of 
spherical the AuNPs-TOABr and AgNPs-4MPy respectively. Both the AgNPs and 
AuNPs show a powder diffraction pattern resembling a face centered cubic crystal 
(fcc), which is typical of gold and silver. The size distribution of the MNPs was 
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estimated by fitting all the peaks and using the Scherrer equation (equation 2.1). The 
size was estimated to be 8 nm for the uncapped or 4-mercaptopyridine (4-MPy) 
functionalized AgNPs (represented as 4-MPy-AgNPs). For TOABr or 4-MPy 
stabilized AuNPs (the latter represented as 4-MPy-AuNPs), the size was estimated to 
be 5 nm. 
The MNPs were further characterized by TEM (Fig. 3.22A and B (images (i)). The 
TEM images of the MNPs show well dispersed, spherically shaped 4-MPy-AuNPs 
(Fig. 3.22A (i)) and 4-MPy-AgNPs (Fig. 3.22B(i)), with the sizes obtained confirming 
those obtained using XRD. 4-MPy-AuNPs have an average size of ~5 nm, while a 
size of ~8 nm was obtained for the spherical 4-MPy-AgNPs, smaller than the size 15 
nm Fig. 3.14 for citrate capped AgNPs, but with same size as the uncapped AgNPs. 
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Figure 3.22: Transmission electron microscope (TEM) images of (A) spherical 
AuNP-4-MPy and (B) spherical AgNP-4-MPy in the absence (i) and presence of 
MPc (ii – iv). In (A): (ii) = SiHDTPc-AuNPs, (iii) ZnPc-AuNPs while (iv) is the 
expanded view of (ii). In (B) (ii) =SiHDTPc-AgNPs, (iii) ZnPc-AgNPs. 
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3.2.3.2. Conjugates 
3.2.3.2.1 Synthesis 
These MNPs were then conjugated to the MPc complexes following the procedure 
described in the experimental section. The linking of the SiHDTPc complex to 
TOABr stabilized AuNPs is achieved by ligand exchange of the loosely bound 
TOABr, while in the unfunctionalized AgNPs, SiHDTPc acts as the stabilizer without 
the need for ligand exchange. ZnPc coordinates axially to 4-mercaptopyridine 
functionalised AuNPs or AuNPs quite easily. The SiHDTPc complex is expected to 
form a strong sulfur-MNP bond (Scheme 3.7), since gold and silver have high 
binding affinities for sulphur. Since the SiHDTPc complex has two thiols available 
for coordination, it may be suggested that both thiol ends are involved during the 
conjugation as shown in Scheme 3.7. However the smaller size of the phthalocyanine 
(~ 1 nm) compared to the 5 or 8 nm size of the AuNPs, makes the coordination of 
two NPs on either side of the Pc unstable. The other possibility is for the free 
terminal SH groups of the Pcs to link to each other, to form aggregates, but the FT-IR 
spectra did not show the formation of oxidised S-S bonds (Fig. 3.23). Since the Pc-NP 
conjugation was prepared without prior isolation of the Au or Ag NPs themselves, 
the reducing agent, NaBH4, is still present in the solution, keeping any conditions for 
oxidation at a minimum. There is a third possibility that the Pc has one terminal thiol 
conjugated to the metal NP, while the other remained as a free SH, Scheme 3.7.  
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3.2.3.2.2 XRD 
The XRD patterns obtained for the conjugates are shown in Fig. 3.21. The XRD 
pattern of the ZnPc alone (Fig. 3.21A (i)) shows a broad peak centered around ~ 2θ = 
25.  SiHDTPc (Fig 3.21B (i)) showed a similar peak at ~ 2θ = 20 which is typical for 
Pcs [392, 393]. The XRD pattern for both conjugates gave the same face centred cubic 
structure of AgNPs and AuNPs as well as the broad peaks associated with Pcs at 
lower 2θ values confirming conjugation. The size of the MNPs was re-estimated and 
in all cases it was not affected by conjugation. 
3.2.3.2.3 TEM 
The conjugates were also characterized by TEM as shown in Fig. 3.22. 
Agglomeration of the nanoparticles into well-ordered islands was observed for the 
SiHDTPc-AuNP (Fig. 3.22A ii) conjugate. 
This cluster of SiHDTPc-AuNPs was magnified at a 50 nm scale (Fig. 3.22A (iv)) and 
the size of each cluster was estimated to be in the range of ~90-100 nm. Aggregation 
was also observed in the TEM image of the ZnPc-AuNPs ((Fig. 3.22A (iii)) conjugate, 
suggesting a very close association of phthalocyanine rings upon conjugation to gold 
nanoparticles. Aggregation behaviour was also observed when the ZnPc complex 
was conjugated to AgNPs (Fig. 3.22B (iii)). Aggregation or agglomeration of 
phthalocyanines has been documented before when the Pcs have been conjugated to 
MNPs [175, 176 232-239]. The TEM image of the SiHDTPc-AgNPs conjugate (Fig. 
3.22B (ii) shows ordered aggregates, confirming perhaps the presence of more than 
one AgNP coordinated to the MPcs. Once again, the stability of such a structure 
CHAPTER 3  SYNTHESIS AND CHARACTERIZATION  
152 
 
comes into question. The features circled in Fig. 3.22B (ii), suggest a V-shaped 
arrangement of the SiHDTPc when coordinated to AgNPs. Several Pcs could be 
accommodated in this way and this would address the stability issue in this case. 
This could also explain the red shifts observed in the Q band of the Pc (discussed 
below) in the presence of the AgNP since the longitudinal dipole arrangement of 
both the NP and the Pc would result in a red shift [397].  
3.2.3.2.4 FTIR 
The MPc-MNP conjugates were further characterized by IR as shown in Fig. 3.23. 
1,6-Hexanedithiol (Fig. 3.23A(i)) and SiHDTPc (Fig. 3.23A (ii)) are characterized by 
the thiol S-H stretching band at ~ 2560 cm-1 region. A disappearance of the S-H 
stretching band in the IR spectra of SiHDTPc-AgNP conjugate (Fig. 3.23A (iii)) is 
observed, confirming successful conjugation.   
CHAPTER 3  SYNTHESIS AND CHARACTERIZATION  
153 
 
 
Figure 3.23: Infrared spectra (IR) of (A) 1,6 hexanedithiol (HDT) (i),  SiHDTPc (61) alone 
(ii) and SiHDTPc-AgNPs (iii). (B) 4-mercaptopyridine (4-MPy) alone (i), 4-MPy-AgNPs 
alone (ii), ZnPc-AgNPs (iii) and ZnPc alone (iv). 
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A disappearance of the S-H signal of 4-mercaptopyridine (Fig. 3.23B (i)) was 
observed in the IR spectra of the AgNPs, suggesting formation of 4-
mercaptopyridine stabilized AgNPs. There were no changes in the peaks associated 
with 4-mercaptopyridine in the aromatic fingerprint region. An increase in peak 
density, accompanied by changes in symmetry of the aromatic signals was observed 
in the IR spectra of the ZnPc-AgNP conjugate, suggesting successful conjugate 
formation, Fig. 3.23B(iii). The IR spectra of the MPcs-AuNP (spectra not shown) 
showed a similar behaviour, also confirming formation of MPc-AuNP conjugates. 
 
3.2.3.2.5 UV-Vis spectra  
The spectral properties of the MPcs and their axially ligated MNP conjugates are 
presented in Table 3.5. 
Table 3.5: Spectral properties of the various complexes axially ligated to MNPs in 
DMF 
Complex λabs (nm) emi (nm) exci(nm) ∆stokes (nm) 
ZnPc 670 676 671 5 
ZnPc-AgNPs 673 680 673 7 
ZnPc-AuNPs 671 682 671 11 
SiHDTPc (61) 676 683 676 7 
SiHDTPc-AgNPs 683 691 682 9 
SiHDTPc-AuNPs 682 688 682 6 
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Figure 3.24: UV-Vis spectra of SiHDTPc in the presence of (A) uncapped AgNPs 
and (B) TOABr coated AuNPs. (i) SiHDTPc alone, (ii) SiHDTPc with MNPs and 
(iii) MNPs alone in DMF. 
Red shifting of the Q-band absorption (Table 3.5) accompanied by the appearance of 
new bands (due to the SPR bands of the NPs) was observed for SiHDTPc  in the 
presence uncapped AgNPs (Fig. 3.24A) and TOABr coated AuNPs (Fig. 3.24B). Red 
shifting can be associated with the longitudinal dipole arrangement of both the NP 
and the Pc as discussed above [397].  
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Figure 3.25: UV-Vis spectra of ZnPc (i) alone, and in the presence of (a) 4-MPy-
AgNPs (ii) and (b) 4-MPy-AuNPs (ii). Traces (iii) spectra of 4-MPy-AgNPs (a) and 
4-MPy-AuNPs (b). 
Red shifting was also observed with the ZnPc-MNPs conjugates as shown above in 
Fig.3.25, Table 3.5, though a smaller scale compared to complex 61. Negligible 
changes observed for the AuNPs-ZnPc conjugate. 
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Figure 3.26: Absorption (blue line, i), excitation (black line, ii) and fluorescence 
emission (red line, iii) and spectra of (A)  SiHDTPc alone, (B)  SiHDTPc-AgNPs 
and  (C) ZnPc –AuNPs in DMF. 
The absorbance, fluorescence excitation and emission spectra for SiHDTPc alone are 
shown in Fig. 3.26A.  The excitation spectra were in agreement with absorption 
spectra and both were mirror images of the emission spectra suggesting no changes 
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in the molecule when excited with light.  Fig. 3.26B show the fluorescence spectral 
behaviour of the SiHDTPc conjugated to bare AgNPs, Fig. 3.26C, and that of the 
ZnPc conjugated to 4-MPy-AuNPs as examples. The SPR bands are not seen upon 
excitation and no additional broadening of the spectra in the region around ~500 nm 
is observed, since the AgNPs and AuNPs do not fluoresce. The Stokes’ shifts for the 
all the complexes and their corresponding conjugates were observed in the range of 
6 to 11 nm (Table 3.5), which is typical for MPc complexes.  
 
3.2.4 Conjugates of MPcs to Quantum dot core shells (QDs) 
 
 
 
Figure 3.27: Photoluminescence spectra of CdTe-TGA quantum dots at various 
growth times. Insert = changes in the quantum dots colour with time. 
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The MPc complexes used in this section are: ZnMCsPc (49), ZnMPCPc (53), 
(ac)2SnMCPc (58), (OH)2MCPc (59) and OTiMCPc (60) representing all the ring 
systems as examples.  
 
3.2.4.1 QDs alone 
The CdTe QD coresused were  synthesiszed in aqueous media using thioglycolic 
acid as a stabilizing thiol (Scheme 3.8). As is typical of QDs, the absorption and 
emission spectra are shifted to the red with an increase in size, Fig. 3.27. Digital 
images were also taken during the period of growth (Fig. 3.27, insert) showing 
changes in colour from blue to red as a result of an increase in QD size. 
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Scheme 3.8: Synthesis of CdTe@ZnS-CALNN coreshell quantum dots  and QDs-
MPc conjugates  respectively. Inset – the structure of CALNN used. 
Two sizes of CdTe-TGA QDs with emission maxima at 607 (CdTe-TGA QDs1 (3.2 
nm)) and 645 nm (CdTe-TGA QDs2 (3.7 nm)) were precipitated, dried and further 
characterized in the preparation of the coreshells (CdTe@ZnS-CALNN QDs).  The 
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latter (Scheme 3.8) were obtained by reacting the CdTe-TGA  QDs in aqueous NaOH 
solution (pH 10), in the presence of ZnCl2 and CALNN as discussed in the 
experimental section. CALNN was used both as source of sulfur and a stabilizing 
agent. The CdTe@ZnS-CALNN QDs were further characterized using UV-Vis, XRD, 
IR and XPS. In this work the coreshells will be represented by CdTe@ZnS-CALNN 
QDs1 (made from CdTe QDs 3.2 nm in size) and CdTe@ZnS-CALNN QDs2 (made 
from CdTe QDs 3.7 nm in size).  
 
Figure 3.28: Ground state electronic absorption and fluorescence emission spectra 
(dotted line) of CdTe@ZnS-CALNN QDs1 (3.9 nm) (i) and CdTe-TGA QDs 1 (3.2 
nm) (ii) in water, pH 7.4.  Inset = expansion of the 400 to 700 nm region. 
The UV-visible spectra of CdTe-TGA and its core-shell counterpart (CdTe@ZnS-
CALNN QDs1) are presented in Fig. 3.28. Red shifting of spectra and a new 
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absorption band around 370 nm were observed in the UV-vis spectra of CdTe@ZnS-
CALNN QDs1. This red shift in the spectra is a result of nanoparticle growth, which 
is seen more clearly in the expanded absorbance and fluorescence emission spectra 
as given by the insert in Fig. 3.28. Similar spectral behaviour was observed with 
CdTe@ZnS-CALNN QDs2. 
 
 
Figure 3.29: X-ray diffraction pattern of CdTe@ZnS-CALNN QDs1 (black) and 
CdTe-TGA QDs 1 (red). 
The XRD spectra for CdTe@ZnS-CALNN QDs1 and its core (CdTe-TGA QDs) are 
presented in Fig. 3.29. The crystalline structure derived from the diffraction patterns 
of the powdered QD sample suggests a cubic zinc-blende phase (sphalerite) which is 
also known to be favoured with bulk CdTe [398, 399]. The XRD was employed to 
determine the size of the core-shell QDs and the CdTe@ZnS-CALNN QDs1. The size 
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was determined to be 3.9 nm and 4.4 nm for CdTe@ZnS-CALNN QDs2 indicating an 
increase in size upon coreshell formation from 3.2 and 3.7 nm for the core CdTe-TGA 
QDs1  and CdTe-TGA QDs2, respectively.  A relatively large shift to higher 2 
values was also observed for the coreshell compared to the core QD alone (Fig. 3.29). 
Changes in peak positions suggest changes in crystal structure that might have 
resulted upon coreshell formation. 
 
 
Figure 3.30: X-ray photoelectron spectra of CdTe@ZnS-CALNN QDs1 (black) and 
CdTe-TGA QDs1  (red). 
The XPS spectra of the QD core and coreshells are presented in Fig. 3.30.  The CdTe-
TGA QDs core is characterized by a split Cd 3d binding energy peak at 405 and 412 
eV [364], and Te 4s peak at 165 eV, a clear indication of the presence of CdTe. A 
disappearance of the Cd and Te peaks was observed with the spectra for the 
coreshell QDs, which serves as solid evidence for the formation of CdTe@ZnS 
coreshell. The Zn 2p peaks were observed in the coreshell spectra, further serving as 
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a proof of its formation. All other peaks are attributed to the Auger peaks or 
stabilizers used in the quantum dots synthesis. 
3.2.4.2 Conjugates 
Following the synthetic route shown in Scheme 3.8, these QDs (CdTe@ZnS-CALNN 
QDs1 and CdTe@ZnS-CALNN QDs2), were coupled to low symmetry 
metallophthalocyanines: ZnMCsPc (49), ZnMPCPc (53), (ac)2SnMCPc (58) 
(OH)2GeMCPc (59), OTiMCPc (60). The conjugates were formed by coupling the 
amine groups of CALNN with the free carboxylic acid on the Pcs that were pre-
activated with DCC as mentioned in the experimental section.  The linked conjugates 
are represented as ZnMCsPc(49)-QD-linked, (ac)2SnMCPc(58)-QD-linked, 
(OH)2GeMCPc(59)-QD-linked, OTiMCPc(60)-QD-linked, and ZnMPCPc(53)-QD-
linked. However, the formation of Pc-Pc dimer during activation of complex 49 
cannot be ruled out. The mixed conjugates (in the absence of covalent bond 
formation) are represented as  ZnMCsPc(49)-QD-mixed, (ac)2SnMCPc(58)-QD-
mixed, (OH)2GeMCPc(59)-QD-mixed, OTiMCPc(60)-QD-mixed, and ZnMPCPc(53)- 
QD-mixed, where QD represents CdTe@ZnS-CALNN QDs1 or CdTe@ZnS-CALNN 
QDs2. 
The UV-visible spectra of ZnMCsPc (49) alone, linked and mixed to CdTe@ZnS-
CALNN QDs1 is presented in Fig. 3.31A. Broadening, together with the presence of  
a blue shifted peak (attributed to aggregation) in the region around 620 nm was 
observed for the mixture of 49 with QD (without a chemical bond). As stated 
already, aggregation arises as a result of the co-planar association of the 
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phthalocyanine rings. However, in this case the aggregation tendencies might be 
influenced by the presence of the QDs, probably resulting in some salting out effect. 
Aggregation of phthalocyanines in the presence of quantum dots in aqueous media 
has been reported before [269]. There were no bands due to aggregation or salting 
out observed for the linked complex (for ZnMCsPc (49)), Fig. 3.31A. The absorption 
band near 400 nm is observed in both the mixed and linked conjugates which 
correspond to the absorption of the QDs. 
 
Figure 3.31: UV-Visible spectra of (A) ZnMCsPc (49), (B) ZnMPCPc (53), (C) 
(ac)2SnMCPc (58) and (D) (OH)2GeMCPc (59).  (i)  alone, (ii) mixed with 
CdTe@ZnS-CALNN QDs1 or (iii) linked to CdTe@ZnS-CALNN QDs1. (iv) in (A) 
is for  and CdTe@ZnS-CALNN QDs1 alone. Solvent:  DMSO:water (8:2). 
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Absorption bands due to aggregates or salting out were also observed for the 
ZnMPCPc(53)-QDs-mixed, Fig. 3.31B and (ac)2SnMCPc(58)-QDs-mixed, Fig. 3.31C.  
The band due to aggregation was less evident for (OH)2GeMCPc(59)-QDs-mixed, 
Fig. 3.31D.  
 
Figure 3.32: Infrared spectra of the ZnMCsPc (49)(A), ZnMPCPc (53)(B), 
(OH)2GeMCPc (59)(C), (ac)2SnMCPc (58)(D) and OTiMCPc (60)(E) linked to 
CdTe@ZnS-CALNN QDs1 and CdTe@ZnS-CALNN QDs1 alone (F). 
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Changes in the infrared spectra of the quantum dots (Fig. 3.32) upon conjugation to 
the low symmetry phthalocyanines was observed for all the complexes suggesting 
conjugation. The peptide backbone on CALNN contains a number of amide 
linkages, Scheme 3.8. An increase in peak intensity in the amide carbonyl regions 
(~1600-1700 cm-1) was observed for all the complexes, which may have resulted from 
the additional amide bonds due to coordination between phthalocyanine and 
quantum dots.  Peaks corresponding to the QDs were observed in all the Pc’s IR 
spectra. 
 
Figure 3.33: UV-Visible absorption (i), fluorescence excitation (ii) and emission 
(iii) spectra of ZnMCsPc mixed with CdTe@ZnS-CALNN QDs1 (a) and ZnMPCPc 
linked to CdTe@ZnS-CALNN QDs1 (b) in 8:2 DMSO: water. 
The fluorescence spectra of the ZnMCsPc QDs mixed and ZnMPCPc QDs linked are 
presented in Fig. 3.33.  The broadening of absorption spectra due to aggregation or 
salting out is diminished in the excitation and emission spectra of the mixed QDs:Pc 
systems, Fig. 3.33. It has been documented that aggregates do not fluoresce which 
CHAPTER 3  SYNTHESIS AND CHARACTERIZATION  
168 
 
serves as confirmation that the observed broadening and blue shifting of spectra for 
the mixed complex was due to aggregation. 
3.3 Preparation and characterization of MPc supported polymer fibers  
This section discusses the preparation and characterization of physisorbed 
Pc/Polystyrene and Pc-AgNPs/Polystyrene polymer fibers, for use in the 
antimicrobial inhibition of bacteria which is discussed later in this thesis. The choice 
of the polystyrene polymer in this work was due to the ease with which 
electrospinning may be carried out to form cotton like fiber mats together with its 
physical and chemical stability. Polystyrene (PS) has extensive aromatic system that 
can interact with the aromatic system of phthalocyanines through of π-π 
interactions.  
Part 1: The phthalocyanines which were employed for these studies were 
unsubstituted ZnPc, ZnMCsPc (49), ZnMPCPc (53), (ac)2SnMCPc (58), 
(OH)2GeMCPc (59), OTiMCPc (60), and ZnTPCPc (71) complexes, which were 
chosen as representatives of each ring system for the Pcs. The complexes were 
electrospun into polystyrene polymer fibers and their antimicrobial properties tested 
and compared. 
Part 2: In another set of experiments the unsymmetrical zinc Pc complexes 
(ZnMCsPc(49), ZnMPCPc (53), and ZnMCPc (57)) and their symmetric counterparts 
(ZnTPPc(70), ZnODEPc (69) and ZnTDEPc (68)) were electrospun alone and in the 
presence of AgNPs for bacterial growth inhibition. Only the ZnPc derivatives were  
used, to expand on the known PACT activity of unsubstituted ZnPc. Both sets have 
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symmetrical and unsymmetrical Pcs in order to evaluate the effects of the lack of 
symmetry of Pc on PACT. 
 
3.3.1 Interaction of MPcs with polystyrene  
The MPc complexes were mixed with polystyrene and electrospun into nanofibers as 
explained in the experimental section. Scanning electron microscope images of the 
various MPc complexes alone or incorporated into polystyrene, show highly 
branched cylindrical network of nanofibers, Fig. 3.34.  
 
Figure 3.34: Scanning electron microscopic (SEM) images polystyrene electrospun 
fiber alone (a), (ac)2SnMCPc (58):PS (b), (OH)2GeMCPc (59):PS (c), OTiMCPc 
(60):PS (d),  ZnMCsPc (49):PS (e) and ZnMPCPc (53):PS (f). Scale = 10 m. 
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The fiber diameter ranged from 240 ± 45 nm to 390 ± 30 nm, Table 3.6. The 
polystyrene fibers alone gave the smallest fiber diameter with an average size of 240 
± 45 nm, which is within the range of previously reported average diameters for 
polystyrene [302-304].  
Table 3.6: Spectral, microscopic and photochemical properties of the low 
symmetry MPc complexes in solution (DMF) and in the fiber matrix  
 
 
 
 
 
 
aNumbers in brackets are for the symmetrical ZnTPCPc(71) 
 
An increase in fiber diameter was obtained in the presence of phthalocyanines. The 
ZnMPCPc(53)-PS composite gave the highest average fiber diameter of 390 ± 30 nm 
compared to all the other complexes, followed by (ac)2SnMCPc(58) with the average 
diameter of 370 ± 30 nm, respectively, Table 3.6. The solutions properties such as 
viscosity, conductivity and surface tension may affect the fiber formation, hence the 
diameter of the fibers. The nature and the conductivities of MPc complexes may 
have a large effect on the electrospinning process. Differences in the nature of the 
central metal atom, inter-planar distances between the molecules and differences in 
Sample Q/nm 
(solution)
Q/nm 
(solid)
Average diameter 
(nm) 
(OH)2GeMCPc (59) 695 692 275 ±30 
OTiMCPc (60) 734 728 315 ±30 
(ac)2SnMCPc (58) 720 716 370 ±30 
ZnMCsPc (49) 678  680  260 ±30 
ZnMPCPc (53)a 695 (683) 684 (680) 390 ±30 
ZnPc 670 668 305 ±35 
Polystyrene - - 240 ±45 
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stacking arrangements of the molecules all affect conductivity in phthalocyanines 
[302-304], hence the fiber diameter. 
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Figure 3.35: Ground state electronic absorption spectra of (a) (ac)2SnMCPc (58), (b) 
(OH)2GeMCPc (59), (c) OTiMCPc (60), (d) ZnMCsPc (49) and (e) ZnMPCPc (53),   
in  (i) (polymer fiber) and in solution (DMF) (ii). 
 
The UV-visible absorption spectra of the complexes in solution and in the polymer 
support are shown in Fig. 3.35. Blue shifts in the Q band spectra were observed for 
ZnMPCPc(53), (ac)2SnMCPc(58), (OH)2GeMCPc(59) and OTiMCPc(60) on the fiber 
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(spectra(i) in Fig. 3.35). The blue shifting in the spectra of these complexes, which 
contain sulfur bridges, suggests that there is an interaction between the fiber and the 
S groups, since the sulfur groups are known to result in red shifting in Pc Q band. 
(ac)2SnMCPc(58), Fig. 3.35a, showed a clear split in the Q band with the high energy 
band being attributed to the aggregate and the low energy band to the monomer. 
Aggregation of phthalocyanines in general is expected in the solid state due to the 
close proximity of Pc-Pc rings, which results in very strong  interations. The 
(OH)2GeMCPc(59) (Fig. 3.35b) and ZnMCsPc(49) (Fig. 3.35d) complexes did not 
show extensive broadening of  the Q band on the polymer fiber.  
The observed behaviour and differences in the spectral properties could also be 
explained in terms of molecular exciton theory. This theory is usually used to 
rationalize the differences between the optical spectra in the liquid phase and those 
in the solid state [400-402]. 
These differences in spectra for phthalocyanines in the solid state and solution have 
been reported by other workers [403].  Aggregation in the solid state however does 
not favour generation of singlet oxygen.  
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Figure 3.36: Infrared spectra of (ac)2SnMCPc(58)/PS (i) and  polystyrene fiber alone 
(ii). 
The IR spectra of the polystyrene fiber shows the characteristic signals in the 
aromatic finger print region which are due to the styrene subunits (Fig. 3.36(ii)). The 
aromatic C=C bands from the styrene ring are observed at the region of ~1470-1600 
cm-1. An increase in the intensity of aromatic signals in the 1470 to 1600 cm-1 was 
observed in the IR spectra of MPc-PS composite (using (ac)2SnMCPc (58) as an 
example) suggesting additional aromatic rings contributed by the Pc ring (Fig. 3.36 
(i)). The intense carbonyl C=O stretching band around ~ 1650 cm-1 was observed for 
all the complexes, and is due to the carboxylic acid groups of the phthalocyanine 
complexes, serving as a further confirmation of the presence of Pc in the polymer 
fiber.  
(i) 
(ii) 
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3.3.2 Interaction of low symmetry and symmetrical Pcs with polystyrene in the 
presence of spherical AgNPs 
 
This part compares the unsymmetrically substituted zinc Pc complexes (ZnMCsPc 
(49), ZnMPCPc (53), and ZnMCPc (57)) and their symmetrical counterparts (ZnTPPc 
(70), ZnODEPc (69) and ZnTDEPc (68)). 
The complexes were first allowed to react with 4-mercaptopyridine capped AgNPs 
as explained in the experimental section for the unsubstituted ZnPc. 4-
Mercaptopyridine capped AgNPs were selected because of their ease of coordination 
to Zn via axial ligation. The reaction of the pyridine derivatives with ZnPc and its 
analogues is known [92, 404]. After coordination to AgNPs, the complexes alone and 
in the presence of the NPs, were mixed with polystyrene and  allowed to dissolve 
under stirring for 24 h. After this time, a homogenous mixture was obtained and 
electrospun into fibers as described in the experimental section. 
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Table 3.7: Spectral data and fiber diameters of the low symmetry MPc complexes 
in solution (DMF) and in the fiber matrix  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Q/nm 
(solution)
Q/nm 
(fiber)
Average 
diameter 
(nm) (±30) 
ZnMCsPc (49) 
 
+ AgNPs  
678  
 
681 
676 
 
677 
260  
 
180 
ZnMPCPc (53) 
 
+ AgNPs 
695 
 
692 
691 
 
691 
380  
 
265 
ZnMCPc (57) 
 
+AgNPs 
688 
 
686 
685 
 
684 
200 
 
120 
ZnTPPc (70) 
 
+AgNPs 
673 
 
675 
670 
 
672 
350 
 
160 
ZnODEPc (69)  
 
AgNPs 
704 
 
701 
699 
 
698 
360 
 
150 
ZnTDEPc (68) 
 
+AgNPs 
695 
 
691 
693 
 
690 
310 
 
175 
Polystyrene - - 242  
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Figure 3.37: Ground state electronic absorption spectra of the low symmetry ZnPc 
derivatives alone (black line) and in the presence of AgNPs (red line), in fiber 
matrix 
The Q band absorption of the complexes alone and in the presence of AgNPs were 
observed at about the same wavelengths when electrospun into fiber, Fig. 3.37, and 
are listed in Table 3.7, though the Q band absorption maxima of the complexes were 
broad in the fiber compared to that when the Pc is in solution.  
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The complexes and their conjugates in the fiber were also characterised by 
transmission electron microscopy (TEM), with which two geometric properties of the 
fibers were assessed: the fiber diameter (Table 3.7) and fiber morphology (Fig. 3.38). 
The average diameters of the electrospun fibers of polymer alone and when 
functionalized with Pcs or Pcs-AgNPs were determined using Cell^D software from 
Olympus. 
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Figure 3.38: Scanning electron microscope images of polystyrene alone and in the 
presence of the low symmetry Pcs alone (49, 53 and 57) and Pcs-AgNPs conjugates 
Fig. 3.38 shows the highly branched cylindrical network of nanofibers. Smaller 
average fiber diameters were obtained for these complexes in the presence of AgNPs 
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compared to the Pc alone Table 3.7, this may be due to an increase in conductivity of 
the solution during electrospinning in the presence of AgNPs, that resulted to 
smaller fiber diameters. The fiber diameters were in the range of 200 to 380 nm for 
the MPc/PS alone, and ranged between 120 to 260 nm when in the presence of 
AgNPs. The fiber surface was rough in the presence of AgNPs compared to when 
the fibers were electrospun with the Pcs alone.  
The fiber diameter of the polystyrene alone was found to be 242 nm. This fiber 
diameter was thinner than that obtained (3.52-4.09 µm) by Pai C.-L. et al. [405], using 
DMF alone as an electrospinning solvent, instead of THF:DMF solvent mixture used 
in this work. This is expected because a higher concentration of polymer ~30%, was 
used in their case, while the polymer concentration of ~25% used in this work is 
slightly lower. This observation is consistent with the theory which predicts that the 
fiber diameter depends allometrically on solution viscosity [300-308]. 
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3.4 Summary 
Novel low symmetrically substituted phthalocyanine complexes of zinc, tin, 
germanium and titanium have been successfully synthesized.  The complexes 
were successfully characterised with various techniques, confirming their relative 
purity.  
The UV-vis spectroscopic (in DMF) characterization of novel low-symmetry 
complexes were discussed in detail and metal size dependant red shifting of the 
spectra were observed. The complexes were successfully conjugated to various 
nanoparticles (AuNPs, AgNPs and QDs), and their conjugates were successfully 
characterized. 
Complexes showed blue shifts in the absorption spectra when conjugated to 
GSH-AuNPs compared to when studied alone. Aggregation was observed for 
some complexes in the presence of QDs. 
All complexes and their MNP conjugates presented in this chapter gave 
spectroscopic data indicating high purity and behaved in accordance with the 
predicted structures. 
The complexes were successfully electrospun into a PS fiber matrix to be used for  
the inhibition of bacterial growth 
 
 
CHAPTER 4    PHOTOPHYSICOCHEMICAL PROPERTIES  
182 
 
 
 
 
 
 
CHAPTER 4 
Photophysical and photochemical 
properties 
 
 
 
 
CHAPTER 4    PHOTOPHYSICOCHEMICAL PROPERTIES  
183 
 
4.1 Photophysical properties of the phthalocyanines 
The photophysical and photochemical parameters of all the novel compounds 
synthesized in this thesis are presented in Table 4.1 
 
Table 4.1: Photophysical and photochemical parameters of the various novel MPc 
complexes studied in this thesis in DMF. 
 
 
 
 
Compound 
F
 
T
 
F
(ns) 
(±0.05) 

T
 
(µs) 

∆
 
ZnMCsPc (49) 0.16 0.61 2.55 135 0.57 
(OH)2SnMCsPc (50) 0.20 0.66 3.10 174 0.58  
(OH)2GeMCsPc (51) 0.23 0.70 3.90 268 0.67  
OTiMCsPc (52) 0.25 0.68 3.50 285 0.63  
ZnMPCPc (53) 0.07 0.68 2.18 160 0.64 
(OH)2SnMPCPc (54) 0.15  0.68  2.88  180  0.61 
(OH)2GeMPCPc (55) 0.10  0.74  1.84  250  0.69  
OTiMPCPc (56) 0.13  0.65  2.81  110  0.54  
ZnMCPc (57) 0.19 0.64 2.60 122 0.55  
(ac)2SnMCPc (58) 0.14 0.65 2.35 64 0.52 
(OH)2GeMCPc (59) 0.09 0.70 1.61 70 0.66 
OTiMCPc (60) 0.11 0.63 1.84 57 0.54 
SiHDTPc(61) 0.34 0.48 6.12 136 0.44 
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4.1.1 Fluorescence quantum yields (
F
) and lifetimes (
F
) 
 
Fluorescence lifetimes were obtained from the photoluminescence decay curves as 
shown in Fig. 4.1 ((OH)2GeMCsPc(51) as an example).   
 
 
 
 
 
 
 
 
 
Figure 4.1: Photoluminescence decay curve  of complex (51) in DMF. 
All the complexes showed mono-exponential luminescence decays, Table 4.1, 
suggesting that only one fluorescing species was present in solution, thus confirming 
the relative purity of these complexes.  
With exception of 49, the fluorescence lifetimes (Table 4.1) were higher for the 
complexes substituted with three phenoxy groups (50-52) compared to their 
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corresponding counterparts substituted with six (53-56) and three (57-60) 2-
diethylaminoethylthiol groups.  
The fluorescence quantum yields (ΦF) were determined by comparative methods 
[146, 147] using the ΦF of a known Pc as a standard. In this work ZnPc in DMSO has 
been used (ΦF) = 0.20 [148]. The ΦF was calculated according to Equation 4.1 (same as 
equation 1.2) 
 
4.1 
where F and FStd are the areas under the fluorescence curves of the MPc derivatives 
and the used standard used. A and AStd are the absorbances of the sample and 
reference at the excitation wavelength, and n and nStd are the refractive indices of 
solvents used for the sample and standard, respectively.  
High fluorescence quantum yields were obtained for complexes 50-52, with complex 
52 giving the highest yield at 0.25.  In terms of the heavy atom effect, it would be 
expected that the Sn complexes would give the lower values of 
F
 and 
F
 for every 
set of complexes. This is observed for complexes 50-52, but not with 53-56 or 57-60, 
suggesting that the effect of the substitution is more important than the central 
metal. 
The fluorescence quantum yields and lifetimes were within the range reported for 
MPcs in general [99-117]. 
 
2
2
..
..
stdstd
stdstd
FF
nAF
nAF

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4.1.2 Triplet quantum yields (
T
) and lifetimes  (
T
) 
The triplet state properties can be explained by the ability of a photosensitizer to be 
efficiently excited, and undergo a spin forbidden transition (intersystem crossing) 
from its excited singlet state to the triplet state. 
The triplet quantum yields (
T
), Table 4.1, were determined using laser flash 
photolysis (set up shown on the experimental section (Chapter 2)). A typical triplet 
decay curve is shown in Fig. 4.2.  
The triplet quantum yields (ΦT) were determined using comparative method [162], 
using unsubstituted ZnPc in DMF  = 0.68 [360] and DMSO = 0.65 [361] as a 
standard, DMSO was used as standard for Pc-QD experiments even though a 
DMSO:water (8:2) ratio was employed for the experiments and the amount of water 
was trivially small compared to the DMSO. Triplet quantum yields were calculated 
using Equation 4.2 (same as Equation 1.3) 
      
        4.2 
where ΔAT and 
std
TA  are the changes in triplet state absorbance of a Pc molecule and 
the standard respectively. εT and 
std
T  are the triplet state molar extinction coefficients 
for the Pc molecule and the standard, respectively. stdT is the triplet quantum yield 
of the standard. 
Deoxygenation is important in carrying out accurate determination of the triplet 
state parameters, since the triplet states of MPcs is known to be quenched by oxygen 
[406]. In the presence of oxygen, a drastic decrease of the triplet state lifetimes was 
T
std
T
std
TTstd
TT
A
A


.
.



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observed (data not shown), such behaviour is well known [406]. High triplet 
quantum yields ranging from 0.48 to 0.74 (Table 4.1) were obtained for the 
complexes in DMF. The germanium Pc complexes (51, 55 and 59) gave the highest 
triplet state quantum yields of 0.70, 0.74 and 0.70 compared to all the other 
complexes. High triplet quantum yields have been reported for germanium 
complexes [407, 408]. Based on heavy atom effect, the largest central metals would be 
expected to give the highest ΦT in all sets, but this is not the case as shown in Table 
4.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Triplet state decay curve of complex 51 in DMF 
 
The triplet lifetimes were determined from the triplet decay curves (Fig. 4.2). The 
triplet decay curve of complex (51) obeyed the first order kinetics, which is typical of 
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MPc complexes. This was the case for all complexes except when the Pcs were 
conjugated to the NPs. The monocysteinyl titanium complex 52 gave the highest 
triplet lifetime of 285 µs followed by the germanium Pc complex 51, with a lifetime 
value of 268 µs.  Complex 60 gave the lowest lifetime at 57 µs among all the 
complexes studied. All the (MCPc) complexes gave low triplet lifetime values, 
though their triplet quantum yields were comparable to the rest of the complexes. 
 
 
Figure 4.3: Typical spectra observed during the generation of DPBF as a singlet 
oxygen scavenger for complex 55 in DMF.  
Fig. 4.3 shows the photodegradation of the DPBF (from 0 to 60 sec) used as a 
quencher during the singlet oxygen determination for complex 55 (as an example). 
The stability of the photosensitizer in the presence of a quencher is of great 
importance during the singlet oxygen determination as observed for complex 55, 
which showed  no changes in the Q-band absorption during irradiation with visible 
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light. The singlet oxygen quantum yields strongly depend on the triplet quantum 
yields and lifetimes. The singlet oxygen quantum yields (∆) of the phthalocyanines 
were calculated using a comparative method based on Equation 4.3 (same as 
Equation 1.6), using ZnPc in DMF, = 0.56 [362] as a standard. 
abs
Std
Std
absStd
IR
RI
.            4.3  
where ∆Std is the singlet oxygen quantum yield the standard,  R and RStd are the 
singlet oxygen quencher photobleaching rates in the presence of the respective MPcs 
under investigation and of the standard respectively.  Iabs and are the rates of 
light absorption by the MPcs and the standard, respectively. Relatively high singlet 
oxygen generation was observed for the long lived complexes (51 and 55) in DMF 
corresponding to high triplet quantum yield obtained for the GePc derivatives. The 
lower singlet oxygen production taking place with complex 58 and 60 may be 
associated to its short lived triplet state lifetime behaviour. All the germanium 
complexes (51, 55 and 59) gave the best triplet and singlet oxygen quantum yields 
compared to their counterparts. The SiHDTPc (61) complex gave the lowest singlet 
oxygen quantum yield compared to the low symmetry complexes. The high singlet 
oxygen generation obtained for the complexes serves as a selective tool in 
photodynamic therapy applications. 
 
4.2 Photophysicochemical properties of MPcs in the presence of nanoparticles 
4.2.1 Photophysicochemical properties of MCPc-GSH-AuNPs conjugates, 
complexes 58-60 used as examples for peripherally linked GSH-AuNPs 
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The ΦT, Φ ΦF, τT,  and τF were studied for all these complexes in order to understand 
the effect of AuNPs on the photophysicochemical behaviour. 
The photophysicochemical properties of complex 58-60 in the presence of GSH-
AuNPs are presented in Table 4.2.    
Table 4.2: Fluorescence and photophysical parameters of (59), (60) and (58) mixed 
and linked to GSH capped AuNPs in DMF 
aAverage lifetime used 
Fig. 4.4 shows the time-resolved fluorescence decay curve of (ac)2SnMCPc (58) and 
(ac)2SnMCPc-GSH-AuNPs in DMF, indicating a bi-exponential decay. All the Pcs 
shows only one lifetime Tables 4.1 and 4.2; however the conjugates show two 
lifetimes, Table 4.2. The existence of two components in the fluorescence decay 
curves obtained for the Pcs in the presence AuNPs with GSH as capping agent or 
other capping agents has been reported [230].  
Complex 
 
ΦT Φ ΦF τT  (µs) Fluorescence lifetimes 
τF  (ns) 
 
 
τ0 
(ns) 
 
τF1 amplitude τF2 amplitude 
(58) 0.65 0.52 0.14 64 2.35 1   12.88 
(58) mixed 0.66 0.60 0.02 61 1.50  0.79 0.84 0.31 87.00
a 
(58) linked 0.67 0.64 >0.01 80 1.70  0.96  0.74 0.04 153.0
a 
(59) 0.70 0.66 0.09 70 1.61 1   16.72 
(59) mixed 0.72 0.68 >0.01 110 1.10 0.85 0.64 0.15 35.50
a 
(59) linked 0.75 0.70 >0.01 130 1.0  0.90 0.53 0.10 220.0
a 
(60) 0.63 0.54 0.11 57 1.84 1   16.79 
(60) mixed 0.64 0.57 0.03 62 1.20  0.80 0.93 0.20 58.50
a 
(60) linked 0.65 0.61 >0.01 95 1.40  0.95  0.80 0.05 174.0
a 
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Figure 4.4: Photoluminescence decay curve of complex 58 alone (solid line) and 
linked to GSH-AuNPs (dotted line). 
The fluorescence lifetimes of the free Pc is decreased for both the conjugates and the 
mixed GSH-AuNPs/MPc (without a chemical bond). The decrease in lifetime 
suggests energy transfer takes place from the excited singlet state of the Pc 
macrocycle to the GSH-AuNPs, as reported before [176, 230]. 
Two lifetimes may be due to different orientation and packing of Pc molecules on 
the AuNPs surfaces. The quenching of lifetimes may be explained using fluorescence 
radiative lifetimes ( ), which measure the lifetime of the molecule in the absence of 
the non-radiative processes. This lifetime is directly connected to absorption 
coefficients and excited state lifetimes, and can be calculated from the measurement 
of fluorescence quantum yields and lifetimes using Equation 4.4 [409]. 
           4.4 
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The  values were found to be higher than that for the measured fluorescence 
lifetimes (Table 4.2). The large values  compared to  are not surprising because 
non-radiative processes cause faster fluorescence decay. The larger values have 
been reported before for similar studies [234, 410],  where MPc-AuNPs conjugates 
were found to have a higher  as compared to MPc alone. The radiative lifetime in 
the presence of AuNPs can either increase or decrease depending on the molecular 
dipole and the distance between the fluorophore and the metal. According to the 
studies done previously by Lakowicz [411, 412], the radiative rate will increase when 
the oscillating dipole is not in line with the reflected field [411, 412]. Therefore the 
observed increase in  when the MPcs were attached to the gold surface could 
suggest an uncorrelated field. 
The fluorescence quantum yields of the conjugates (MPcs-GSH-AuNPs linked) are 
compared to the MPcs alone, and to those of the MPcs mixed with GSH-AuNPs 
(with no linking agent). Lower fluorescence quantum yields (<0.01) and lifetimes 
were observed for all the linked complexes. The drastic decrease of the fluorescence 
quantum yields after conjugation is caused by the fluorescence quenching ability of 
the gold nanoparticles. Intersystem crossing due to heavy atom effect of Au will also 
result in decrease of fluorescence quantum yields. It has been documented that gold 
nanoparticles quench fluorescence [176]. The fluorescence quantum yields decreased 
for the mixed compared to the MPcs alone due to the reasons given above for the 
linked.  
There was an insignificant increase in ΦT for all the mixed GSH-AuNPs/MPc 
complexes (without a chemical bond), Table 4.2. A slight improvement in triplet 
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yields was observed for the chemically linked MPc-GSH-AuNPs compared to the 
MPc alone, suggesting that the GSH-AuNPs encourages intersystem crossing to the 
triplet state.  The triplet state lifetimes (T) of the free MPc complexes are low, 
ranging from 57 to 70 µs and all show increase in the presence of GSH-AuNPs 
(mixed or linked), with the largest increase observed with the (OH)2GeMCPc(59). 
The increase of the T with increase in ΦT is not expected but could reflect the 
protection of Pc by AuNPs. The (OH)2GeMCPc-GSH-AuNP conjugate gave the 
highest singlet oxygen quantum yield (0.70) triplet quantum yield (0.75) and lifetime 
(130 µs). As stated above, the high singlet and triplet quantum yields are typical for 
most germanium phthalocyanine complexes.  
4.2.2 SiHDTPc (61) and unsubstituted ZnPc axially linked to AgNPs (spherical) 
and AuNPs 
 
Figure 4.5: Photoluminescence decay curves of SiHDTPc (61) (i) and SiHDTPc-
AuNPs  (ii) in DMF. 
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The summary of the photophysical and photochemical parameters of 61 and ZnPc 
and their MNP conjugates are presented in Table 4.3. The fluorescence lifetimes were 
determined from the exponential fitting of the fluorescence decay curves (Fig. 4.5). 
The SiHDTPc alone gave high fluorescence quantum yield and lifetime, 0.34 and 6.12 
ns, respectively, compared to the ZnPc alone, Table 4.3. 
Table 4.3: Photophysicochemical properties of the ZnPc and 61 complex and their 
conjugates in DMF 
a TOABr replaced by SiHDTPc during ligand exchange 
 The determination of the ZnPc photophysical parameters is repeated here, but the 
values were found to be similar to those reported in literature [145, 413]. A decrease 
in fluorescence quantum yield and lifetime values was observed in the presence of 
AuNPs and AgNPs for all conjugates. As stated above, AuNPs quench fluorescence 
[176]. The ZnPc-MNP conjugate showed poor fluorescence behaviour in general, 
Complex ФT 
 
T (μs) Ф∆ ФF F (ns) 
(0.02) 
ZnPc 0.58 
0.58 [413] 
330 
330 [413] 
0.56 
0.58 [413] 
0.17 
0.17 [413] 
3.14 
- 
ZnPc-4MPy-AgNPs 0.64 250 0.63 0.08 2.74 
ZnPc-4MPy-AuNPs 0.61 198 0.58 0.03 2.51 
SiHDTPc (61) 0.48 136 0.44 0.34 6.12 
aSiHDTPc-AgNps 0.51 110 0.50 0.21 4.41 
aSiHDTPc-AuNps 0.55 90 0.53 0.19 3.37 
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when compared to the corresponding SiHDTPc-MNP conjugates (Table 4.3). This is 
due to the heavy atom effect of the Zn central metal in the ZnPc-MNP system.  
The ZnPc complex gave higher triplet quantum yields and lifetime values compared 
to the SiHDTPc alone. The high triplet quantum yields are expected for the former 
due to the heavy atom effect. A decrease in the triplet lifetimes was observed with a 
concomitant improvement in the triplet state quantum yields for both complexes in 
the presence of the MNPs.  The ZnPc-AuNPs conjugate gave the highest triplet 
quantum yield of 0.64 when compared to ZnPc and complex 61.  
The SiHDTPc (61) complex gave the lowest singlet oxygen quantum yield of 0.44. 
However, a significant improvement in the singlet oxygen quantum yield was 
observed for this complex in the presence of MNPs, with the ZnPc-AuNPs conjugate 
giving the highest singlet oxygen quantum yield (0.63). The improvement in the 
triplet and singlet oxygen quantum yield of the complexes might be due to the heavy 
metal effect afforded by the silver and gold nanoparticles, which enhances 
intersystem crossing to triplet state, thus resulting in increase in triplet and singlet 
oxygen quantum yield. 
 
4.2.3 Singlet oxygen generation of Pcs in the presence of differently shaped 
AgNPs in solution. 
These complexes (49-52) contain a cysteinyl group for attachment to AgNPs through 
both the amino and the carboxylate groups. The aim was to use the conjugates for 
PACT hence only singlet oxygen quantum yields were determined.  
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Figure 4.6: Photodegradation of DPBF, following illumination of ZnMCsPc (49) in 
the presence of triangular shaped AgNPs 
The photochemical behaviour of the various MPc complexes alone and in the 
presence of AgNPs was investigated in DMF. The ability of a photosensitizer to be 
excited and be able to undergo intersystem crossing to the triplet state and generate 
singlet oxygen is a requisite for its application in photodynamic related experiments.  
All Pcs were evaluated for singlet oxygen production when alone, and in the 
presence of each AgNPs. The singlet oxygen quantum yields are presented in Table 
4.4. The spectra show the photodegradation of DPBF in the presence of ZnMCsPc(49) 
and triangular AgNPs as an example, are presented in Fig. 4.6. 
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Table 4.4: Spectral and photochemical properties of various MPcs in DMF 
All the complexes gave reasonable singlet oxygen quantum yields in DMF before 
their interaction with various AgNPs, Table 4.4. The (OH)2GeMCsPc shows the 
highest singlet oxygen quantum yield of 0.67 which is typical of germanium 
complexes in solution, followed by the OTiMCsPc with quantum yield of 0.63. The 
ZnMCsPc and SnMCsPc have similar singlet oxygen quantum yields (0.57 and 0.58 
respectively). An improvement in singlet oxygen quantum yields was observed in 
the presence of all the AgNPs, suggesting an enhanced intersystem crossing to the 
triplet state as was observed for the AuNPs conjugates studied above. Heavy metals 
encourages intersystem crossing to the triplet state which enhances singlet oxygen 
production. The larger size NPs (square and triangles) showed the best 
improvement in singlet oxygen production compared to the spherically shaped 
AgNPs, with OTiMCsPc showing the best improvement from 0.63 to 0.68 in the 
presence of triangular shaped AgNPs. 
 
Complex 
∆
 
(MPcs) 

∆
 
Pcs+Sphere

∆
 
Pcs+Triangle

∆
 
Pcs+Cubic
ZnMCsPc 
(49) 
0.57 0.58 0.61 0.60 
SnMCsPc 
(50) 
0.58 0.60 0.59 0.62 
(OH)2GeMCsPc 
(51) 
0.67 0.69 0.70 0.70 
OTiMCsPc 
(52) 
0.63 0.65 0.68 0.66 
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4.2.4 Singlet oxygen of MPcs alone and in the presence of spherical AgNPs in the 
fiber matrix 
Fig. 4.7 shows the degradation of ADMA following irradiation with light for singlet 
oxygen quantification. 
 
 
Figure 4.7: Photodegradation of ADMA in the presence of ZnMCsPc (49):PS fiber. Insert: 
Photo-oxidative generation of triiodide in the presence ZnMCsPc (49):PS in aqueous 
media. 
The singlet oxygen quantum yields () were determined by monitoring the photo-
degradation of ADMA (in aqueous solution for the fiber matrix (Fig. 4.7)) using 
ZnMCsPc (49) complex as an example. Complimentary to the degradation of 
ADMA, the polymer composite consisting of the MPcs alone or in the presence of 
AgNPs was used for the generation of triiodide (I-3) (from iodide (I-)) in the presence 
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of light as observed in Fig. 4.7 (insert), serving as a clear proof that singlet oxygen is 
produced by the fiber, as the I-3 absorption band increases with time [414]. There was 
no absorption in the region between 600-800 nm (Fig.  4.7) where the main 
absorption band of the phthalocyanine is located, suggesting no leakage of 
phthalocyanines from the fiber to the solution in aqueous media. This is expected 
since the phthalocyanines reported in this work are not water soluble. The lack of 
leaching in water is important for real life biological applications of the fibers in 
aqueous media. This is also true for this work, where these systems are to be used 
for photodynamic antimicrobial chemotherapy. Higher singlet oxygen quantum 
yields were obtained for the complexes and their AgNPs conjugates in solution 
compared to fiber matrix (Table 4.5). The decrease in the values of singlet oxygen 
() in the solid state might due to aggregation in some cases. Aggregation in the 
solid state has been shown not to favour singlet oxygen generation [300-307]. The  
values for the fibers are estimates due to the errors introduced by light scattering 
(discussed in Chapter 2). The (OH)2GeMCPc (59) complex gave the highest  value 
of 0.66 and 0.46, both in solution and in the fiber matrix. In the fiber, ZnMCsPc (49) 
gave the second highest value of  = 0.42.  Higher  values for the ZnMCsPc (49) 
and the (OH)2GeMCPc (59) complexes in fiber may have been a result of the 
marginal aggregation behaviour of these complexes in the solid state, as it was 
discussed in Chapter 3. 
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Table 4.5: Photochemical properties of various MPcs and MPcs-AgNPs (4-MPy) in 
solution and in the fiber matrix 
 
 
 
 
 
 
 
 
 
 
 
 
 
Of the unsymmetrical Pc complexes, ZnMCPc (57)  gave the lowest singlet oxygen 
value (0.22) in the fiber matrix. An improvement in singlet oxygen generation was 
observed for all the ZnPc complexes studied in the presence of AgNPs. The higher 
singlet oxygen production in the presence of AgNPs is due to the heavy metal effect 
of silver that favours intersystem crossing to the triplet state. Singlet oxygen 
production in the fiber matrix was observed to be higher for the unsymmetrical 
ZnPcs (57, 53 and 49) compared to their corresponding symmetrical (68, 69 and 70) 
counterparts, Table 4.5. These observations confirm literature reports which state 
Sample Ф∆ 
(DMF)
Ф∆ 
(Fiber)
ZnMCsPc (49) 
+ 4-MPy-AgNPs 
0.57 
0.59  
0.42  
0.43 
ZnMPCPc (53) 
+ 4-MPy-AgNPs 
0.64 
0.66 
0.28 
0.31 
ZnMCPc (57) 
+ 4-MPy-AgNPs 
0.55 
0.59 
0.22 
0.29 
ZnTPPc (70) 
+ 4-MPy-AgNPs 
0.51 
0.56 
0.11 
0.16 
ZnODEPc (69)  
+4-MPy-AgNPs 
0.60 
0.62 
0.15 
0.18 
ZnTDEPc (68) 
+ 4-MPy-AgNPs 
0.64 
0.69 
0.17 
0.22 
(ac)2SnMCPc (58) 0.52 0.30 
(OH)2GeMCPc (59) 0.66 0.46 
OTiMCPc (60) 0.54 0.31 
ZnTPCPc (71) 0.45 0.12 
ZnPc 0.56 0.14 
Polystyrene - - 
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that  values are lower for symmetrical derivatives compared to their 
unsymmetrical counterparts [178]. The singlet oxygen quantum yield production of 
low symmetry phthalocyanines and their AgNPs conjugates in the solid stage (fiber) 
are reported for the first time in this thesis. Symmetrically substituted ZnTPPc (70), 
ZnTPCPc (71) and unsubstituted ZnPc showed the lowest  values of all 
complexes, both in solution and when embedded in the fiber, Table 4.5.  
 
4.2.5  Photophysical properties of low symmetry Pcs in the presence of QDs 
 
This section presents the fluorescence and energy transfer behaviour taking place 
between various low symmetry phthalocyanines (49, 53, 58, 59 and 60, as examples 
from each ring system) and quantum dot core shell (CdTe@ZnS-CALNN QDs1) 
NPs. The triplet state behaviour of these systems is also discussed. 
 
4.2.5.1 Fluorescence quantum yields and lifetimes 
Table 4.6 shows the fluorescence quantum yield and lifetime values for the quantum 
dot core-shell phthalocyanine conjugates. 
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Table4.6: Fluorescence parameters of the low symmetry phthalocyanines in the 
presence of CdTe@ZnS-CALNN QDs1 (represented as QDs1 ) and CdTe@ZnS-
CALNN QDs2 (represented as QDs 2 )  in 8:2 DMSO: water. 
Complex QDs 1a (3.9 nm) QDs2a (4.4 nm) 
F(QD) 
exc = 500 
nm 
ns) 
± 0.15 
ns) 
± 0.17 
ns) 
± 0.05 
F(QD) 
exc = 
500 nm 
ns) 
± 0.11 
ns) 
± 0.10 
ns) 
± 0.09 
CdTe TGA QDs  0.48 





 





CdTe@ZnS-
CALNN QDs  
0.74 86.03
(0.62)




 





(49) 
QD-mixed 
0.35 44.5 
(0.50) 
17.16 
(0.32) 
2.13 
(0.18) 
0.20 18.60 
(0.42) 
8.38 
(0.32) 
0.42 
(0.26) 
(49) 
QD-linked 
0.22 23.80 
(0.63) 
9.22 
(0.21) 
0.34 
(0.16) 
0.15 13.72 
(0.66) 
3.46 
(0.21) 
0.65 
(0.13) 
(53) 
QD-mixed 
0.36 46.42 
(0.58) 
21.11 
(0.31) 
3.76 
(0.11) 
0.27 26.33 
(0.51) 
10.23 
(0.22) 
0.32 
(0.27) 
(53) 
QD-linked 
0.20 21.61 
(0.48) 
5.30 
(0.39) 
0.23 
(0.13) 
0.15 12.93 
(0.47) 
4.25 
(0.31) 
0.21 
(0.22) 
 (58) 
QD-mixed 
0.29 40.32 
(0.55) 
14.30 
(0.34) 
2.15 
(0.11) 
0.23 24.9 
(0.71) 
2.4 
(0.12) 
0.36 
(0.17) 
 (58) 
QD-linked 
0.28 32.65 
(0.46) 
8.22 
(0.38) 
1.20 
(0.18) 
0.18 15.24 
(0.61) 
3.16 
(0.23) 
0.80 
(0.16) 
(59) 
QD-mixed 
0.38 35.11 
(0.71) 
4.28 
(0.15) 
0.90 
(0.14) 
0.22 23.82 
(0.42) 
2.56 
(0.24) 
0.70 
(0.34) 
(59) 
QD-linked 
0.29 25.16 
(0.63) 
3.73 
(0.31) 
0.50 
(0.06) 
0.15 15.10 
(0.50) 
2.3 
(0.26) 
0.43 
(0.24) 
 (60)  
QD-mixed 
0.29 34.90 
 (0.61) 
10.12 
(0.32) 
0.25 
(0.07) 
0.18 
 
20.82 
(0.60) 
5.27 
(0.26) 
0.61 
(0.14) 
 (60) 
 QD-linked 
0.24 28.0 
(0.57) 
1.30 
(0.31) 
0.26 
(0.12) 
0.17 16.6 
(0.51) 
1.0 
(0.42) 
0.11 
(0.07) 
aaboundances for fluorescence lifetimes are shown in brackets.   
Fluorescence quantum yields were determined using Equation 4.1. The fluorescence 
quantum yields (F) of the coreshell alone were found to be 0.74 for CdTe@ZnS-
CALNN QDs1 and 0.56 for CdTe@ZnS-CALNN QDs2, Table 4.6. These values are 
relatively higher than their core counterparts which  gave F = 0.48 for CdTe-TGA 
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QDs1 and 0.35 CdTe-TGA QDs2. F values have been found to increase with the size 
of the QDs, depending on the nature of the capping agent [264].  
The fluorescence lifetimes for the coreshell were found to be 1 = 86.03 ns, 2=  32.33 
ns and 3 =  12.47 ns for the CdTe@ZnS-CALNN QDs1 and  45.10 ns, 15.52 ns, 5.63 
ns, respectively for CdTe@ZnS-CALNN QDs2, Table 4.6.  
The fluorescence lifetimes decreased for linked and mixed QD-Pc conjugates for 
both CdTe@ZnS-CALNN QDs1 and CdTe@ZnS-CALNN QDs2 compared to the QD 
alone, perhaps due to energy transfer discussed below. The fluorescence quantum 
yields value also decreased for QDs (CdTe@ZnS-CALNN) mixed or linked to Pcs, 
compared to the quantum dots alone suggesting quenching of fluorescence by the 
MPc complexes (Table 4.6). The (OH)2GeMCPc (59) CdTe@ZnS-CALNN QDs1-
mixed gave the highest quantum yield value (0.38) followed by the ZnMPCPc (53) 
CdTe@ZnS-CALNN QDs1-mixed (ΦF = 0.36, Table 4.6). Higher fluorescence 
quantum yields and lifetimes of QDs were observed for all the MPc QDs-mixed 
samples compared to when they were linked, though as stated in the experimental 
section in Chapter 2, comparison between the mixed and linked conjugates must be 
treated with caution since the amounts of QDs may be different.  
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4.2.5.2 Förster Resonance Energy Transfer between QDs and MPcs 
Förster resonance energy transfer (FRET) is the non-radiative transfer of energy from 
a donor chromophore to an acceptor chromophore (or fluorophore if it is fluorescent 
in nature).  
Quantum dot coreshells were designed such that an efficient overlap between the 
fluorescence emission spectra of the donor (QDs) and the absorption spectra of the 
acceptor (MPcs) was achieved (Fig. 4.8).  
 
Figure 4.8: Emission spectra of CdTe@ZnS-CALNN QDs1 (i), CdTe@ZnS-CALNN 
QDs 2 (ii) overlapped with the ground state UV-Visible spectra of (ac)2SnMCPc 
(iii), OTiMCPc (iv). Solvent = 8:2 DMSO: water. 
Growing larger particle size quantum dots have some disadvantages such as low 
photoluminescence properties. These properties are, however, significantly 
improved on formation of coreshells. Due to the red shifted nature of the emission 
spectrum, there will be higher overlap between the CdTe@ZnS-CALNN QDs2 
emission and the MPc absorption, Fig. 4.8.   
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Table 4.7: FRET parameters of the low symmetry phthalocyanines in the presence 
of the presence of CdTe@ZnS-CALNN QDs1 (represented as QDs1) and 
CdTe@ZnS-CALNN QDs2 (represented as QDs 2 )  in 8:2 DMSO:water 
 
 
The overlap integrals (J) were estimated by integration of the spectra in Fig. 4.8 from 
400 to 800 nm and the J values are reported in Table 4.7. Relatively high J values of 
the order of 10-13 were obtained for all the complexes, compared to typical values of 
the order 10-14 cm6 [279] for porphyrin-based structures. 
Complex QD 1 (3.9 nm) QD 2 (4.4 nm) 
J 
(×10-13) 
(cm6) 
R0 
(Å) 
r 
(Å) 
Eff J 
(×10-13) 
(cm6) 
R0 
(Å) 
r 
(Å) 
Eff 
(49) 
QD-mixed 
2.74 54.78 53.69 0.53 1.04 68.51 61.34 0.66 
 (49) 
QD-linked 
2.21 56.90 49.40 0.70 0.77 61.20 51.41 0.74 
 (53) 
QD-mixed 
3.49 30.69 30.49 0.51 1.61 59.21 57.65 0.54 
 (53) 
QD-linked 
2.56 30.69 26.00 0.73 1.28 59.33 49.40 0.75 
(58) 
QD-mixed 
2.10 24.57 22.80 0.61 1.42 57.87 56.72 0.53 
(58) 
QD-linked 
2.46 28.84 21.67 0.85 1.74 55.76 48.79 0.69 
(59) 
QD-mixed 
3.11 32.41 32.63 0.49 0.95 62.10 62.10 0.50 
(59) 
QD-linked 
3.32 27.14 23.57 0.70 0.81 59.70 49.71 0.75 
  (60)  
QD-mixed 
2.71 28.10 26.08 0.61 1.01 60.14 56.60 0.59 
 (60) 
 QD-linked 
2.18 27.3 22.53 0.76 0.92 59.21 51.00 0.71 
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A decrease in the fluorescence emission intensity of QDs was observed upon 
excitation of the CdTe@ZnS-CALNN QDs1 or CdTe@ZnS-CALNN QDs2 at 500 nm, 
where QDs absorb and the MPcs show negligible absorbance, Fig 4.9.  
 
 
 
Figure 4.9: Fluorescence spectra of  CdTe@ZnS-CALNN QDs1  in the presence of 
ZnMCsPc (49)  (a) and ZnMPCPc (53) (b).  QDs 1 alone (i), mixed with (ii), linked 
to QDs (iii) and MPc alone (iv) in 8:2 DMSO: water. Inset = expanded 700 nm area 
for b. 
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Upon excitation of the mixture containing the CdTe@ZnS-CALNN QDs1 and 
ZnMCsPc ((49), Fig. 4.9a) and ZnMPCPc ((53), Fig. 4.9b), an emergence of 
fluorescence peak at ~702 nm and ~710 respectively was observed. This suggests 
that energy transfer occurs from the QDs to the MPc complexes. A drastic decrease 
in fluorescence intensity of QDs was observed for the linked counterparts, compared 
to when they were mixed. There was no significant fluorescence observed for MPcs 
when excited at ~500 nm in the absence of QDs, which serves as a proof that the 
observed fluorescence of the MPcs that emerges in the presence of QDs is due to the 
fluorescence induced by QDs to the MPc complexes (Fig. 4.9).  A small increase in 
fluorescence emission intensity of Pcs in the presence of QDs has also been observed 
before [415]. There is a clear stimulated emission of the phthalocyanine confirms 
energy transfer from the QDs to the Pc (Fig. 4.9).  
The values of Förster distance, R0 (Å) which is the critical distance between the 
donor (QDs) and the acceptor (MPc) molecules for which efficiency of energy 
transfer is 50% [282] as well as center-to-center separation distance between donor 
and acceptor (r, Å), values are shown in Table 4.7. With the exception of 
(OH)2GeMCPc (59) QDs1-mixed, all r values were below the critical distance (R0) at 
which energy transfer is 50% which will allow good interaction of the donor and 
acceptor thereby allowing energy transfer to occur readily with a high efficiency. 
The (ac)2SnMCPc (58) QDs1-linked and TiMCPc QDs1-linked exhibit the lowest r 
values of 21.67 and 22.53 Å, respectively, indicating a very close proximity of these 
MPc complexes to the donor (QDs) and thus resulting in high energy transfer (Eff) 
values, Table 4.7.  
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FRET efficiencies (Eff) were determined experimentally from the fluorescence 
quantum yields of the donor in the absence (F(QD))and presence (
Mix
F(QD)Φ ) of the 
acceptor using Equation  4.5 (same as Equation 1.10) [280, 281]: 
 
       4.5 
 
There are many factors reported, and still under debate, that influence 
photoluminescence decrease other than FRET [415-417], thus the values presented 
here are estimates. The FRET efficiency values were relatively high for the linked 
complexes compared to their mixed counterparts, suggesting that linking of the MPc 
complexes is of great importance for energy transfer efficiencies due to the short 
distances compared to mixed conjugates. This also serves to confirm that the MPc 
complexes are indeed covalently linked to the quantum dots, thus they display 
improved energy transfer properties compared to their mixed counterparts.  
 
 
 
 
 
 
 
 
 
)(Φ
)(Φ
 -1  Eff
F(QD)
Mix
F(QD)

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4.2.5.3 Triplet state behaviour and parameters 
 
 
 
Figure 4.10: Triplet decay curve of (ac)2SnMCPc linked to QDs in 8:2 DMSO:water 
 
CdTe@ZnS-CALNN QDs1 was employed to study the triplet state behaviour for 
both covalently linked and mixed MPc complexes.  
Fig. 4.10 shows the triplet decay curve of (ac)2SnMCPc (58) QDs-linked in 
DMSO:water as an example. The triplet decay curves for all complexes in the 
presence of QDs obeyed the second order kinetics. This is typical for MPc complexes 
at high concentrations (>1×10-5 M) [418] due to the triplet–triplet recombination. 
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Table 4.8: Triplet state parameters of the low symmetry phthalocyanine complexes 
in the absence and in the presence of CdTe@ZnS-CALNN QDs1 in 8:2 DMSO: 
water. 
 
 
 
 
 
 
 
 
 
 
An improvement in triplet quantum yields and lifetimes was observed for both the 
MPcs when mixed and linked to quantum dots, Table 4.8. High triplet quantum 
yields (ranging from 0.65 to 0.74) and  long triplet lifetimes ranging from 100 to 240 
µs (Table 4.8) were observed for the linked and mixed complexes, suggesting 
enhancement of intersystem crossing in the presence of QDs as compared to the 
MPcs alone. The (OH)2GeMCPc (59) QDs-linked gave the highest triplet quantum 
yield value (0.74); however the complex that gave the highest triplet quantum yield 
did not show the shortest lifetime as expected. There is an increase in the triplet 
lifetimes for both the mixed and linked complexes in the presence of QDs as was the 
case with triplet quantum yields. This behaviour has been reported before [264]. The 
Complex T s) 
 
(49) 0.61 132 
(49) QD-mixed 0.66 210 
(49) QD-linked 0.71 240 
 (53) 0.67 140 
(53) QD-mixed 0.70 217 
(53) QD-linked 0.71 226 
(58) 0.64 64 
(58) QD-mixed 0.66 98 
(58) QD-linked 0.68 117 
(59) 0.69 75 
(59) QD-mixed 0.71 111 
(59) QD-linked 0.74 123 
(60) 0.61 60 
(60) QD-mixed 0.65 100 
(60) QD-linked 0.67 115 
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longest lifetimes were obtained for the Zn complexes with the ZnMCsPc (49) QDs-
linked with a lifetime of 240 µs. The long lifetimes are surprising, but could reflect 
the shielding (from environmental effects) of the phthalocyanines by QDs. 
 
4.3 Summary 
The photophysical and photochemical properties of the various low symmetry Pcs 
reported in this thesis were fully investigated. The studies show that various Pcs 
give different photophysicochemical behaviour as a function of the central metal 
ion and the nature of the peripheral substituents. All the germanium complexes 
showed best triplet and singlet oxygen quantum yield behaviour compared to all 
the complexes studied. A consistent improvement of the triplet and singlet oxygen 
quantum yields was generally observed when the complexes were conjugated to 
MNPs, which makes these molecules applicable in real life for PACT.
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(PACT) studies 
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5.1 Photo-inhibition of Staphylococcus Aureus (S. Aureus) using Pcs alone 
In this section the unsymmetrical complexes ZnMCsPc (49), ZnMPCPc  (53), 
(ac)2SnMCPc (58), (OH)2GeMCPc  (59) and OTiMCPc (60), are studied and compared 
to the symmetrical ZnTPCPc (71), and unsubstituted ZnPc, as examples, in solution 
and when supported in a fiber matrix, for photo-inhibition of S. Aureus. Table 5.1 
summarizes the singlet oxygen values obtained for the Pcs used in this chapter, in 
solution and in a fiber matrix. 
As stated above, the mechanism and the science behind photodynamic antimicrobial 
chemotherapy (PACT) is in its infancy, but it seems to follow the same mechanistic 
principles as PDT, and therefore involves singlet oxygen. It is known that singlet 
oxygen reacts with intercellular molecules (peptides, DNA and proteins etc.) leading 
to oxidative damage of the cell wall and cell membrane which cause cell death [321, 
322]. Literature reports show that gram-negative bacteria are drug resistant, 
compared to their gram positive counterparts [331-338]. The resistance of gram-
negative bacteria to the photo-inhibition by sensitizers has been ascribed to the 
presence of a highly organized outer membrane on the bacteria, which hinders the 
interaction of the photosensitizer with the cytoplasmic membrane and intercepts the 
photogenerated reactive species [419, 420]. 
A series of low symmetry phthalocyanines presented in this study show photo-
activity in the presence of light hence their PACT is investigated. 
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Table 5.1: Singlet oxygen behaviour of various Pcs in DMF and in fiber matrices 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aNot used in fiber, hence Ф∆ values when in fiber were not determined 
Sample Ф∆ (DMF) Ф∆ (Fiber) 
ZnMCsPc (49) 
+ AgNPs spheres 
+ AgNPs triangles 
+ AgNPs cubes 
0.57 
0.59  
0.61 
0.60 
0.42  
0.43 
a 
a 
SnMCsPc(50) 
+ AgNPs spheres 
+ AgNPs triangles 
+ AgNPs cubes 
0.58 
0.60 
0.59 
0.62 
a 
a 
a 
a 
(OH)2GeMCsPc (51) 
+ AgNPs spheres 
+ AgNPs triangles 
+ AgNPs cubes 
0.67 
0.69 
0.70 
0.70 
a 
a 
a 
a 
OTiMCsPc (52) 
+ AgNPs spheres 
+ AgNPs triangles 
+ AgNPs cubes 
0.63 
0.65 
0.68 
0.66 
a 
a 
a 
a 
ZnMPCPc (53) 
+ AgNPs spherical 
0.64 
0.66 
0.28 
0.31 
ZnMCPc (57) 
+AgNPs spherical 
0.55 
0.59 
0.22 
0.29 
(ac)2SnMCPc (58) 0.52 0.30 
(OH)2GeMCPc (59) 0.66 0.46 
OTiMCPc (60) 0.54 0.31 
SiHDTPc (61) 
+AgNPs spherical 
+AuNPs 
0.44 
0.50 
0.53 
a 
a 
a 
ZnTDEPc (68) 
+AgNPs 
0.64 
0.69 
0.17 
0.22 
ZnODEPc (69)  
AgNPs spherical 
0.60 
0.62 
0.15 
0.18 
ZnTPPc (70) 
+AgNPs spherical 
0.51 
0.56 
0.11 
0.16 
ZnTPCPc (71) 0.45 0.12 
ZnPc 
+AgNPs spherical 
+AuNPs 
0.56 
0.63 
0.58 
0.14 
a 
a 
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Figure 5.1: Digital images of the antimicrobial inhibition of S. Aureus using 
phthalocyanine modified fibers, studies in the dark and under illumination with visible 
light. Unmodified polystyrene alone employed as a control. The figure also shows 
PS/ZnPc fiber  before use in agar plate for bacterial growth. 
The photodynamic responses of the complexes were investigated in the fiber matrix. 
Fig. 5.1 shows digital images of the nutrient agar plates containing S. aureus in 
contact with the electrospun fibers. The Pcs embedded in the fiber are blue in colour 
in the absence of bacteria (in nutrient broth or as a separate fiber, Fig. 5.1, for ZnPc). 
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The bacteria were observed to grow on or around the fiber resulting in the blue 
colour of the Pcs on the fiber disappearing. The samples irradiated with light in the 
presence of bacteria showed growth inhibition as compared to those that were kept 
in the dark. This is judged by the clearing around the fiber and the restoration of the 
blue colour of the fiber. 
A pair of plates containing a nutrient agar with polymer fiber in the absence of 
bacteria was used as a control both in the dark and under illumination with light. 
The colour of the Pc modified fiber remained blue both under illumination and in 
the dark. The nutrient agar was prepared in aqueous media and Pcs are insoluble in 
aqueous media, thus there was no possibility for leaching or migration of  the 
phthalocyanine from the fiber matrix to the nutrient agar. 
The polystyrene fiber alone did not show any bacterial inhibition, both in the dark 
and under illumination with light. This lack of growth of the bacteria around the 
polymer fiber modified with photosensitizers (Fig. 5.1) was obtained for all 
unsymmetrical MPc complexes as a result of bacterial growth inhibition. This serves 
as evidence that the monocarboxy phthalocyanine complexes generate reactive 
oxygen species that prevent bacterial growth.  
The symmetrical ZnTPCPc (71) (Ф∆=0.12, Fig. 5.1) and ZnPc (Ф∆=0.14) complexes 
showed no activity towards bacterial inactivation, most likely due to the low singlet 
oxygen quantum yield values obtained for them alone, Table 5.1, compared to the 
values ranging from 0.22 to 0.46 for the other complexes in the absence of AgNPs. 
Thus, even though unsubstituted ZnPc embedded in electrospun fiber was reported 
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to show inactivation of Escherichia coli [307], its low singlet oxygen quantum yield 
resulted in zero activity for the more drug resistant S. Aureus. This confirms the 
importance of reasonably large values of singlet oxygen quantum yields for 
successful bacterial inactivation.  The lack of activity of the symmetrical ZnTPCPc 
(71), shows the importance of unsymmetrical substitution, which results in increased 
singlet oxygen quantum yield values as reported before [178]. 
The photo-inhibition studies were also carried out for all the complexes in solution 
as described in Chapter 2, and the results are presented as graphs Fig. 5.2. The 
minimum inhibitory concentration (MIC) required to inhibit 50% bacterial growth 
was used as a reference to determine the effectiveness of these promising 
antimicrobial photosensitizers towards the inactivation of S. aureus.  
In this thesis, control experiments were also undertaken to determine the effects of 
DMF on the various bacteria studied. It has been reported that DMF is not harmful 
to S. aureus but only when low amounts of the solvent are used [421].  At 50% DMF, 
without the AgNPs or Pcs, a minimal reduction in bacterial growth was observed 
showing that DMF also causes bacterial growth inhibition, thus effects of DMF were 
corrected for all the data sets shown. 
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Figure 5.2: Antimicrobial activity of the MPc complexes in liquid broth solution, in the 
dark (a) and under illumination with visible light (b), against S. Aureus. 
A minimum concentration of ~10 µM at which approximately ~50% bacterial 
inhibition was obtained for all the MPc samples when kept in the dark, Fig. 5.2 (a) 
was necessary. A significant improvement in bacterial inhibition was obtained for 
the samples illuminated with light (Fig. 5.2(b)) giving ~50% bacterial inhibition at a 
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much lower concentration of ~1.25 µM. This suggested that the singlet oxygen 
produced by irradiation in the Q band region had a strong contribution to the photo-
inhibition of bacteria.  
Thus phthalocyanines show dark toxicity which is also important since it has been 
reported that S. aureus infected burn wounds in guinea pigs were treated with 
porphyrins without the need for illumination [422]. Dark toxicity of the 
phthalocyanines is known [423]. 
 
5.2. Effect of low symmetry versus symmetrical Pcs on bacterial growth inhibition 
in solution 
In order to study the effects of the ring systems and symmetry, unsymmetrical 
complexes (49, 53, 57) were studied and compared to their corresponding 
symmetrical complexes (70, 69, 68). Table 5.1 shows the singlet oxygen quantum 
yield of the complexes since Ф∆ values are important for PACT. 
Fig. 5.3 compares the antimicrobial behaviour of complex 53 and 69 alone and in the 
presence of AgNPs against B. Subtilis in solution. 
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Figure 5.3: Antimicrobial behaviour of ZnMPCPc (53) and ZnODEPc (69) alone 
and in the presence of AgNPs, against B. Subtilis in liquid broth solution. 
The antimicrobial growth inhibition of Bacillus Subtilis is investigated, since there are 
fewer reports on the gram positive (B. Subtilis) antimicrobial behaviour of Pcs 
compared to gram negative bacteria (S. Aureus). The antimicrobial properties of low 
symmetrically substituted ZnPc derivatives (49, 53 and 57) and their symmetrical 
counterparts (70, 69 and 68) alone and when conjugated to AgNPs, in solution are 
compared in Fig. 5.3. 
Higher antimicrobial activities were observed for the unsymmetrical complex (53) 
compared to the symmetrical (69) counterpart. An increase in bacterial inhibition is 
observed as the concentration of the photosensitizer increases, both in the dark and 
under illumination. This behaviour suggests that the complexes have antimicrobial 
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activity even in the absence of light as stated above this is also an advantage. The 
best antimicrobial behaviour is observed for these complexes under illumination 
with light, due to the presence of singlet oxygen. A high improvement in 
antimicrobial growth inhibition was observed in the presence of AgNPs, due to high 
Φvalues in the presence of AgNPs, Table 5.1. 
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Fig. 5.4 compares the antimicrobial behaviour of the various Pcs alone or in the 
presence of AgNPs 
 
Figure 5.4: Bar graphs showing antimicrobial activities of all the low symmetry 
(49, 53, and 57) ZnPcs and symmetrical (70, 69 and 68) complexes alone (A) and in 
the presence of AgNPs (B) against B. Subtilis, in liquid broth solution, 
concentration of Pc =12.5 µM. 
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In general, the low symmetry complexes (49, 53, 57) show higher antimicrobial 
behaviour compared to their symmetrical (70, 69, 68) counterparts, both in the dark 
and under illumination and in the presence of AgNPs, Fig. 5.4. Complex 53 gave the 
best antimicrobial inhibition compared to all complexes tested in the absence or 
presence of AgNPs, followed by the monocysteinyl ZnPc (49), both alone and in the 
presence of AgNPs.  Complex 69 showed better bacterial inhibition in the presence 
of AgNPs compared to all the symmetrical Pcs. 
The antimicrobial behaviour against B. subtilis of the low symmetry phthalocyanine 
in the fiber matrix is presented in Fig. 5.5. Positive antimicrobial inhibition of the 
bacterial strain is observed for all the complexes, as judged by the clearing of 
bacteria on the surface and on the edges of the fiber for all the plates under 
illumination. The clearing of the bacteria at the fiber edge was more pronounced in 
the presence of AgNPs under illumination, suggesting improved bacterial inhibition. 
The colour of the bacterial growth colonies appears as white, and as discussed 
above, the growth of bacteria on the surface of the fiber resulted in complete 
masking of the MPc blue colour. The plates with the MPcs-AgNP conjugates shows 
some bacterial inhibition even in the dark as judged by the restoration of the blue 
colour of the fiber, suggesting that there might be diffusion of Ag ions from the fiber. 
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Figure 5.5: Digital images of the antimicrobial inhibition test using the low symmetry 
ZnPc derivatives modified fibers alone and in the presence of AgNPs, studies in the dark 
and under illumination with visible light, against B. Subtilis. 
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Figure 5.6: Digital images of the antimicrobial inhibition test using symmetrical ZnPc 
derivatives modified fibers alone and in the presence of AgNPs, studies in the dark and 
under illumination with visible light, against B. Subtilis. 
Fig. 5.6  shows the antimicrobial activities of the corresponding symmetrically 
substituted ZnPc derivatives in the fiber matrix. The colour of the fiber is also used 
here to explain the bacterial activities of the MPcs in the dark and under 
illumination. Clearing of the fiber (returning to a blue colour) was observed for all 
the complexes under illumination with light, due to bacterial growth inhibition. 
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5.3 Effect of shape of the AgNPs in the AgNP-Pc conjugates on the antimicrobial 
inhibition of  S. Aureus 
The antimicrobial behaviour of complex 49-52 is studied in the presence of various 
shapes of AgNPs in solution. 
 
Figure 5.7: Bar graph representation of antimicrobial activities of various AgNPs 
shapes toward S. aureus in the dark and illuminated with visible light, in liquid 
broth solution. 
The antimicrobial activities of various AgNPs were tested without photosensitizers 
both in the presence of the light and in the dark. Fig. 5.7 shows a bar graph 
representation of various AgNPs against S. Aureus. Antimicrobial action of the 
differently shaped AgNPs appear not to be affected or enhanced either in the dark or 
under illumination with light as expected.  Lower bacterial growths (~45%) were 
obtained with the spherically shaped AgNPs, followed by the triangular shaped 
AgNPs, suggesting higher bacterial inhibition. The spherical AgNPs have a higher 
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surface area due to its smaller (15 nm) size, compared to the triangular (size 54 nm) 
and cubic (60 nm) NPs.  The antibacterial activities of variously shaped AgNPs in 
different media, with a variety of sizes compared to the NPs presented in this study, 
have been reported before [218]. The effect of shape and size of the AgNPs towards 
antibacterial growth is still not well understood. The cubic AgNPs in this work (Fig. 
5.7) showed the lowest antibacterial action against S. aureus. 
From the geometry point of view it is not possible to have the same size in different 
shapes. Different shapes of AgNPs will inevitably give different surface areas. Hence 
it is hard to compare AgNPs with different shapes in terms of activity towards 
bacteria even if they had the same size due to different shapes and as a result 
different active surface areas. 
 
Figure 5.8: Antimicrobial activities of (OH)2GeMCsPc (51) + spherical AgNPs 
towards S. Aureus, in the dark and under illumination with light, in liquid broth 
solution. 
CHAPTER 5                                                   PHOTODYNAMIC ANTIMICROBIAL CHEMOTHERAPY  
228 
 
To improve the antimicrobial activities of various AgNPs, experiments were carried 
out in the presence of various MPc photosensitizers as described in the experimental 
section. Fig.5.8 shows a bar graph representing a serial two fold dilution of the 
(OH)2GeMCsPc (51) complex (as an example) in the presence of spherically shaped 
AgNPs. An increase in antibacterial activity, both in the dark and under 
illumination, is observed as the concentration was increased two fold. As expected 
greater antibacterial activity was observed under illumination.  
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Figure 5.9 : Antimicrobial activities towards s. aureus of various MPcs alone (A) 
and in the presence of various AgNPs (B-D), under illumination with light and in 
the dark. Concentration of Pc = 10 M 
The antimicrobial activities of various MPcs were first investigated alone (Fig. 
5.9(A)) and the in the presence of various AgNPs, Fig. 5.9 B-D. The (OH)2GeMCsPc 
(51) gave the highest antibacterial activity compared to all the other complexes, both 
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under illumination and in the dark. The best antimicrobial activity of complex (51) 
can be associated to its high singlet oxygen production in solution, Table 5.1. Fig. 5.9 
presents bar graphs showing the antimicrobial activities of the various combinations 
of AgNPs with phthalocyanines. Higher antimicrobial activity was observed for the 
spherical AgNPs in the presence of various MPcs (Fig. 5.9 (B)) compared to the other 
shapes and to the MPcs alone as was the case for AgNPs alone. Thus spherical 
AgNPs seem to have the best activity. The OTiMCsPc and (OH)2SnMCsPc showed 
lower antibacterial activity when studied alone (Fig. 5.9A), however an 
improvement is achieved in the presence of all various shaped AgNPs. Under 
irradiation, all complexes showed improved antibacterial activity due to the 
presence of singlet oxygen, hence PACT. 
 
5.4 Comparative study of B. Subtilis and S. Aureus using ZnPc and SiHDTPc (61) 
in the presence of spherical AuNPs and AgNPs 
The bacterial inhibition behaviour against Bacillus Subtilis and Staphylococcus Aureus 
of unsubstituted ZnPc and axially ligated SiHDTPc are compared, when alone and 
in the presence of gold and silver nanoparticles. The antimicrobial activities of the 
photosensitizers in the absence of nanoparticles is presented in Fig. 5.10. 
These complexes were chosen due to their axial coordination to AgNPs and AuNPs 
as opposed to peripheral coordination using sulfur groups. 
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Figure 5.10: Bar graph representing the antimicrobial activities of SiHDTPc (a) and 
ZnPc (b), against S. Aureus (i) and against B. Subtilis (ii) in liquid broth solution. 
The SiHDTPc (61) gave better bacterial inhibition for both B. subtilis and S. aureus 
compared to the ZnPc alone, which may be due to the dithiol axial ligands, since 
thiols have been reported to be lipophilic [424]. This may have resulted in the 
enhanced uptake of the SiHDTPc by the bacteria compared to the corresponding 
ZnPc. Based on singlet oxygen quantum yields obtained in solution, Table 5.1, ZnPc 
would be expected to perform better. The antimicrobial inhibition was found to be 
best with the gram positive B. subtilis compared to gram negative S. aureus for both 
MPcs. As documented before [331-338], the antimicrobial behaviour of 
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phthalocyanines has been shown to be best on gram positive compared to gram 
negative bacteria. The concentration to which 50% bacterial inhibition was achieved 
was found to be 3.13 μM for the SiHDTPc against both bacteria (S. Aureus and B. 
Subtilis) and 6.25 μM for the ZnPc under illumination with light. The antibacterial 
activities of AgNPs and AuNPs were tested without photosensitizers both in the 
presence of light and in the dark. There were no changes in the bacterial growth 
levels in the dark as compared to light as also observed in Fig. 5.7 for AgNPs. Fig. 
5.11 shows the antimicrobial activities of SiHDTPc in the presence of AgNPs and 
AuNPs. Enhanced bacterial inhibition was observed for the SiHDTPc in the presence 
of both AgNPs and AuNPs under illumination when comparing Figs. 5.10 and 5.11. 
The enhanced photochemical activity of the conjugates is related to the increase in 
singlet oxygen generation in the presence of MNPs, Table 5.1.  
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Figure 5.11: Bar graph representing the antimicrobial activities of SiHDTPc in the 
presence of AuNPs (i) and AgNPs (ii), against B. Subtilis (a) and against S. Aureus 
(b) in liquid broth solution. 
Again, higher antimicrobial (Fig. 5.11) inhibitions were observed against the gram 
positive B. subtilis in the presence of Pc-MNPs conjugates  compared to S. aureus. The 
SiHDTPc showed greater antimicrobial activity when linked to AgNPs as compared 
to the AuNP conjugate. 0% bacterial growth was achieved for the SiHDTPc-AgNPs 
against B. subtilis at 25 μM under illumination with light. The minimum inhibitory 
concentration required to inhibit the growth of 50% of organisms (MIC50) was found 
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to be at < 0.195 μM for the SiHDTPc-AgNP conjugate for both the bacteria under 
illumination. 
Fig. 5.12 shows a summary of the antimicrobial activities of both the ZnPc and 
SiHDTPc in the presence of AuNPs and AgNPs. The results show that good 
antimicrobial activities were obtained for all Pc-MNP combinations against B. subtilis 
compared to S. aureus both under illumination with light and in the dark. The best 
bacterial growth inhibition was achieved for  SiHDTPc and ZnPc in the presence of 
AgNPs. This may have been due to the dual contribution of bacterial growth 
inhibition by the AgNPs and the singlet oxygen generation by the MPcs. For 
SiHDTPc, its enhanced uptake by the bacteria as discussed above could also 
contribute to greater bacterial growth inhibition. 
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Figure 5.12: Bar graphs displaying a summary of the antimicrobial activities of 
various MPcs and their MNPs conjugates against B. Subtilis (a) and against S. 
Aureus (b), in liquid broth solution. 
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Figure 5.13: Microscopic images of S. Aureus (i), in the presence of SiHDTPc (ii), 
SiHDTPc-AuNPs (iii), and in the presence of SiHDTPc-AgNPs 
The microscopic images of SiHDTPc against the gram negative S. aureus in the 
presence of MNPs are shown Fig. 5.13. Fig 5.13(i) shows the bacteria without 
treatment with antimicrobial agents. The S. aureus bacteria are characterised by their 
spherical shape, as observed in Fig. 5.13(i).  A decrease in bacterial population 
density accompanied by shrinking in size and change in shape was observed in the 
presence of the antimicrobial agents. Clustering into groups together with a decrease 
in density of bacteria was observed in the presence of both Pc-MNP conjugates  
suggesting unfavourable conditions for the bacteria to grow.  
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5.4: Summary 
Various MPc complexes have been successfully studied in solution and in the 
fiber matrix, either alone or in the presence of MNPs. Enhancement of 
antimicrobial activities are observed when the MPc complexes are conjugated to 
AgNPs. With the results presented in this chapter, the phthalocyanine complexes 
studied show potential industrial application for antimicrobial photo-inhibition 
of Bacillus Subtilis and Staphylococcus Aureus. 
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CHAPTER 6 
Binding of SiPc to Metallothionein 
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The SiPc (61) complex was further studied for binding to metallothionein protein, 
due to the presence of free SH groups on its axial ligand positions, that can 
covalently couple to the protein via S-S crosslinking. 
 
6.1 Brief description of metallothionein (MT) Protein 
 
Coupling of macrocyclic compounds (such as metallophthalocyanines, MPc) to the 
MT protein will improve the optical and chemical properties that may be very useful 
in medical applications and drug delivery. In this work, the attempted conjugation 
of the protein with axially ligated thiol silicon phthalocyanine (61) is investigated. To 
date no reports have been documented on MT protein binding other ligands (i.e. 
macrocyclic compounds) either than metals. 
Fig. 6.1 shows the structure of the two main domains (beta and alpha) of the 
metallothionein protein with its corresponding amino acid sequence. 
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Figure 6.1: Structure of the Beta (A) and Alpha (B) domain of metallothionein 
protein used in this work. 
 
Metallothionein (MT) is a small cysteine rich protein that consists of a ~ 60 amino 
acid sequence of which 20 amino acids are mainly cysteine [425-432], Fig. 6.1. MT is 
ubiquitous in nature, but most abundant in the liver and kidney of mammals [425-
ala ala ala ala
cys
1b 2b
3b
50
cyscys
cyscys
cys
cys
ala ala
ala
ala
ala thr gly gly
thr
thr
lysglu
ser ser
serser lyslyslyslys
gly
asncys cys
40
9 8 7 6 5
4
321
argS-tagTM
1
ala ala ala
ser
ser
propro
met
met
met
lys lys
lys
gln
glygly
gly
val aspasp
glu gluthr
thr
phe
his
leuleuarg
10
20
30
60
asp asp
cys
1a 3a 4a
2a
S-tagTM
1
11
50
cys cys cys
cys
cyscyscyscyscys
ala ala ala ala
met lys glu thr ala ala ala lys phe glu
arg
gln
his
metserproleuglythrleuvalproarggly
ser
met
gly
lys ala ala ala ala
ala
ala
ala
cys ser ser
serser
pro met
lys
lyslys
lys
lys
glnglygly valglu
10
20
30 40
60
10 12 13
14
15
1617181920
(A) 
(B) 
CHAPTER 6    Attempted work  
241 
 
432]. The protein consists of two main domains, the alpha () and the beta () 
domain, that are separated by a short peptide linker of a ~ 2-3 amino acid sequence 
[426-429].  
The beta domain consists of 9 cysteinyl thiols in its sequence, while the alpha 
domain consist of 11 cysteinyl thiols leading to a total of 20 cysteinyl amino acids in 
the full beta-alpha MT protein [425-432]. Since the first characterisation done by 
Vallee and co-workers in 1957 [433], MT has been extensively studied, though its 
main role in the body is not known. However previous reports have shown that the 
MT protein has the ability to coordinate metals from groups 11 and 12 via its 
cysteine thiols [434-436]. Since then, many reports have shown that MT binds to a 
series of metals in vivo and in vitro, this includes metals such Ag+, Au+, Co2+, As3+ 
,Cu+, Hg2+, Cd2+, Fe2+, Bi3+, Pb2+and Zn2+ [425-436]. Metallation studies of MT involve 
the binding of metals either to the apo-MT or the substitution of the metallated-MT 
(holo) with a metal that possesses a stronger binding constant [425-436]. The 
demetallation of metallated-MT uses either a chelator or an electrophile to displace 
the metals [425-433]. Previous reports have also shown that MT lacks aromatic 
amino acids (i.e. tyrosine, phenylalanine and tryptophan) in its sequence, which 
results in poor optical properties in the visible region, and absorption is observed 
only in the region between 230-300 nm (where the protein backbone absorbs) 
allowing for monitoring of metal or ligand binding to the protein [431]. 
Metal coordination in mammalian MTs have been reported to be via the cysteinyl 
thiols [426-434]. Coupling of complex 61 will be via its free axially ligated terminal 
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thiols to the free cysteine of the protein leading to the formation of chemically 
bonded disulphide bridges. 
 
6.2 Experimental 
6.2.1 Preparation of the metallothionein protein 
The metallothionein protein was prepared according to the previously reported 
experimental procedure by Ngu and Stillman [431]. Briefly, recombinant human 
metallothionein (MT) was expressed in BL21 (DE3) Escherichia coli cells that were 
transformed using a pP-1 plasmid which contains an N-terminal S-tag as previously 
described [437]. The purity of the protein used in this study and its binding studies 
to the Pc complex were monitored using Electro Spray Ionization Mass spectrometry 
(ESI-MS). Before the binding studies, the protein was purified and demetallated by 
elution through a Sephadex G25 column using a 20 mM ammonium formate buffer 
at pH 2.7 (Fisher). Elution was monitored by UV-visible absorption spectroscopy at 
the characteristic metal-free (apo) MT wavelengths of 200 to 300 nm. Fractions that 
contained metal-free MT were collected and the purity checked using ESI-MS. The 
apo-MT protein concentrations were determined from the extinction coefficients of 
40,000 L. mol-1 cm-1 at 220 nm. 
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6.2.2 Equipments 
UV-visible spectra were recorded on a Varian 500 UV-Vis/NIR spectrophotometer. 
Mass spectral data for the analysis of the MT protein was obtained using a 
Micromass LCT mass spectrometer in the positive ion mode. The mass spectrometer 
was operated using the parameters: 3500.0 V capillary voltage, 50.0 V sample cone 
voltage, 15.0 V extraction cone, acquisition scan time of 4 s, and the inter scan delay 
time of 0.1 s. The ESI-MS data were processed and deconvoluted using the MaxEnt I 
software (Micromass). ESI-MS measurements were obtained using a wide scan range 
(200-3000 m/z) and MS mass calculations were integrated from a minimum of 10 
scans. Magnetic circular dichroism (MCD) spectra were recorded with a JASCO 
J725 spectrodichrometer equipped with a JASCO electromagnet producing 
magnetic fields of up to 1.09 T (tesla) with both parallel and antiparallel fields. 
 
6.3 Results and discussions 
The cadmium MT is cleaved off at lower pH by protonating the thiol of the cysteine 
to prepare free thiol binding sites which would then be accessible to the SiPc 
complex (61). Size exclusion chromatography was employed to get rid of the free 
cadmium in the solution of the pure apo-MT protein.  Oxidation is a major problem 
with MT solutions because of the large number of free cysteinyl thiol present in the 
protein sequence. The cysteinyl thiols of the metal-free protein were kept in their 
reduced state by carefully evacuating the samples to get rid of excess oxygen and the 
samples were saturated with argon gas such that the protein was contained within a 
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sealed, inert environment to prevent intra-molecular disulphide bond formation 
amongst the cysteinyl moieties of the protein.  
ESI-MS was employed as a monitoring tool in this study since it uses soft ionization, 
which does not generally fragment proteins or disrupt the cysteinyl thiol binding 
site. An additional advantage of using ESI-MS includes the ability to (i) directly 
inject dilute solutions of protein of low concentration (~6µM), (ii) monitor reactions 
in real-time to obtain time and temperature dependent mass spectra, (iii) identify 
different species by their unique mass-to-charge ratios and (iv) observe the effect of 
ligand or metal binding to the protein through changes in the charge states [431]. 
Thus, using this technique, it was possible to monitor the phthalocyanine binding 
reactions and identify intermediate species with different masses, and at the same 
time to determine the structural changes that occur to the protein itself that are 
induced by the binding of the phthalocyanine complex. The ESI-MS data can then be 
linked to the data obtained using UV-vis and magnetic circular dichroism MCD 
spectroscopy. 
CHAPTER 6    Attempted work  
245 
 
 
Figure 6.2: The ESI-MS of apo alpha-MT (a) and Cd4-alpha MT (b), showing 
various charge states (m/z) and corresponding deconvoluted mass. 
Fig. 6.2 shows the ESI-MS spectra (including the charge states) recorded for the 
metal-free apo alpha-MT domain (a) and the cadmium 4 alpha MT (b). 
Metallothioneins generally exhibit an ESI mass spectrum with a series of charge 
states of measurable intensity (Fig. 6.2) depending on the metallation status and the 
pH of the measurement [425-436]. The observed charge states result from 
protonation of basic amino acids present in the alpha domain of the MT sequence in 
the form of adducts. The ESI mass spectra of the metal free apo-MT and that of 
cadmium 4 MT domain shown in Figs. (6.2a and b) indicate the presence of a single 
species (i.e. only one protein species present in the solution). The measured masses 
perfectly correspond to the calculated masses with the Cd4-alpha MT, showing 
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masses corresponding to 7334 Da and, after demetallation, the apo alpha protein 
with a mass corresponding to 6895 Da.  The amino acid sequence of the alpha 
domain corresponding to the observed molecular weight is 
GSMGKAAAACCSCCPMSCAK CAQGCVCKGA SEKCSCCKKA AAA and for the 
N-terminus S-tag is MKETAAAKFE RQHMDSPDLG TLVPRGS. The S-tag was not 
cleaved off from the protein used in this work to maintain the stability of the protein 
in the presence of the phthalocyanine complex (61). Only 11 cysteinyl amino acids 
residues are present in the protein sequence and the S-tag does not consist of any of 
the cysteinyl thiol in its sequence, therefore it is not involved during the coupling. 
 
Conjugative coupling of complex (61) to the MT protein was achieved by titrating 
stoichiometric amounts of the Pc to a metal free alpha MT protein. MT (25 µM) 
solution at low pH (~2.6), was allowed to react with 90 µM Pc in the presence of 
reduced glutathione (GSH). Changes in the charge states of the metal free protein 
were observed as the SiPc (61) complex was allowed to react with the protein (Fig. 
6.3a). GSH was employed to remove any free oxygen from the solution and a peak 
resulting from the oxidation of GSH (308 Da) to GSSG (615 Da) was observed on the 
mass spectra.  
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Figure 6.3: The ESI-MS of [bis-(1,6-hexanedithiol)]SiPc + apo alpha-MT conjugate 
for reaction ratio of 25 µM MT protein: 90 µM Pc at pH 2.6  (a) and after the 
concentration of the Pc was increased to 120 µM and the pH of the reaction was 
raised to pH 6 with influx of oxygen (b). 
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The deconvoluted ESI-MS of the reaction content (Fig. 6.3a) shows the presence of 
two species, the apo alpha protein (6895 Da) which is the main species. Though the 
mass of the apo protein is observed after deconvolution, there were no charge states 
corresponding to the mass of the protein which might have been as a result of the 
overshadowing of the peaks for the mass charges in both species. All the mass 
charge states observed deconvoluted to the mass corresponding to the main species 
of  a 5 silicon ring-apha MT protein conjugate. 
When the pH of the solution was raised from pH 2.6 to pH 6 and the concentration 
of the silicon phthalocyanine was increased to 120 µM (Fig. 6.3b), a clear 
disappearance of the apo protein species was observed suggesting complete 
consumption of the protein to form the product (Apo alpha-MT + [(S2C6H)2SiPc]5). 
The relative abundance of the GSSG formation from GSH was increased, and that of 
the reduced GSH showed a decrease, suggesting an influx of oxygen during the 
titration. The observed behaviour suggests that the oxidation of GSH to GSSG plays 
a vital role in the SiPc-alpha MT coupling. When the SiPc was employed without the 
GSH oxidation, the ESI-MS showed only the apo protein species to be present, even 
after a period of 24 hours of reaction, suggesting no coupling was taking place 
between the protein and the SiPc complex (results not shown). Similar studies were 
also carried out with GSH alone in the absence of the SiPc, and the ESI-MS results 
also showed no coupling between the protein and GSH in the absence of the 
phthalocyanine complex. It is very important to note that only 10 cysteinyl residues 
are involved in the coupling, meanwhile the alpha domain of the protein consists of 
11 cysteines. The deconvoluted mass suggest that each silicon phthalocyanine 
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complex is cross linked via both of its free thiol axial ligands to two cysteinyl thiols 
(to form 5-SiPc ring-protein conjugate). Since MT is known for its ability to 
coordinate various metals through the cysteinyl thiols, several metallation studies 
using copper, mercury, silver and cadmium were undertaken to trace one of the free 
cysteinyl thiols that was not involved in the Pc-protein binding. ESI-MS showed no 
additional masses that were due to coordination of any of the metals employed; this 
might be due to the bulkier nature or the steric effect brought about by the bound 
phthalocyanine complex, thus hindering the free unbound cysteinyl thiol of the 
protein.  
 
Figure 6.4: The UV-vis and magnetic circular dichroism spectra of [bis-(1,6-
hexanedithiol)]SiPc in 1:5 DMF:H2O ratio, before conjucation (solid black) and 
after (doted black) conjugation with MT. 
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In addition to the ESI-MS studies undertaken in this work, magnetic circular 
dichroism and UV-vis spectra of the pure (five molecules of SiPc attached to the MT 
protein) 5-SiPc(61)-protein conjugate were measured to confirm the MS results. 
Fig.6.4 shows the UV-vis (top) and MCD (bottom) of the 5-SiPc-protein conjugate. 
There were no significant changes in the UV-vis spectra of the SiPc alone (solid line) 
compared to the 5-SiPc-protein conjugate (dotted line). A 2 nm shift of the Q-band 
maxima from 671 nm of SiPc alone to 673 nm SiPc-protein conjugate was observed. 
Connection of the SiPc complex (61) to the protein is via the free thiol axial ligands. 
The derivative-shaped signals observed in the MCD spectrum in the Q-band region 
of both the SiPc complex (61) and the 5-SiPc-protein conjugate closely resemble the 
Faraday A terms as observed for other high symmetry phthalocyanine complexes 
[438-440]. A significant 27 nm shift, from 352 nm of the SiPc alone before coupling to 
379 nm after coupling to the protein, is observed in the Soret band region. The 
observed shifting is unusual in phthalocyanines, however a positive deviation 
suggests changes in the electronic system of the complex that may be resulting from 
stretching of the axial ligands of the silicon complex upon coupling to the protein. 
 
6.4: Summary 
Complex (61) was successfully coupled to the alpha domain of metallothionein 
protein. The ESI-MS data obtain suggests that five SiPc complexes coupled to the 
ten cysteinyl thiols of the protein. Metal probes for the eleventh free thiol not 
involved during the coupling were not successful as a result of steric effect of the 
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phthalocyanine rings. Significant shifts in the MCD spectra of the SiPc-protein 
conjugate was observed, suggesting coupling. 
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CHAPTER 7 
General conclusions 
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7.1 Conclusions 
The synthesis and separation of novel, low symmetrically substituted 
phthalocyanine complexes of Zn, Sn, Ge and Ti has been successfully achieved. The 
complexes were successfully characterized by various techniques that confirmed 
their relative purity. Red shifting of absorption spectra was seen with complexes 
containing a large number of sulfur atoms due to its electron donating ability. Metal 
dependent red shifting of the absorption spectra was observed for the complexes. 
The synthesis and characterisation of various AgNPs, QDs and AuNPs showing 
interesting spectral and chemical properties with different sizes and shapes 
achieved.  
The MPc complexes were successfully conjugated to quantum dots (QDs), silver 
nanoparticles (AgNPs) and to gold nanoparticles (AuNPs). All conjugates were 
successfully characterized with various instrumental techniques and displayed 
properties corresponding to their unique predicted structures. The UV-vis spectral 
properties of all the conjugates reported in this thesis were discussed in detail. 
Conjugation of the phthalocyanine complexes to GSH-AuNPs resulted in blue 
shifting of the Q-band absorption spectra, confirming successful linking. Appearance 
of peaks both nanoparticle and phthalocyanines in the XRD spectra together with 
changes in the angle and d-spacing confirmed a new crystal form which further 
confirmed conjugation. 
For the QD conjugates, some MPc complexes showed aggregation when they were 
mixed to quantum dots and aggregation was found to be less when they were 
chemically linked. An increase in energy transfer from the quantum dots to the MPc 
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complexes was observed when they were covalently linked to the quantum dots as 
compared to when they were mixed. 
The photophysical and photochemical behaviour of the complexes and their metal 
nanoparticles conjugates were investigated and compared. 
Low fluorescence and higher triplet quantum yields were achieved for the 
complexes in the presence of MNPs. Enhanced singlet oxygen generation was 
however achieved for all these complexes in the presence of MNPs. 
In general, all complexes gave good triplet state and singlet oxygen production. A 
decrease in singlet oxygen production was observed when the complexes were 
electrospun into a fiber matrix; however an improvement was observed in the 
presence of AgNPs. 
The complexes and their MNP conjugates were successfully tested for their 
antimicrobial activity against gram positive B. Subtilis and gram negative S. Aureus 
bacteria, when alone and when supported in fiber. Higher bacterial inhibition were 
achieved in the presence of AgNPs. The antimicrobial behaviour of low symmetry 
phthalocyanines supported in a fiber matrix is reported for the first time in this 
thesis. 
The germanium complexes gave the highest singlet oxygen production both alone 
and in the presence of MNPs. The antimicrobial activities of various MPcs can be 
expressed in increasing order based on the central metal as Sn<Ti< Zn<Ge. The low 
symmetrically substituted ZnPc derivative showed the best antimicrobial behaviour 
when they were compared to their symmetrical counterparts. 
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7.2 Future Prospects 
The low symmetry phthalocyanines presented in this thesis showed potential in the 
industrial applications of antimicrobial photo-inhibition of Bacillus Subtilis and 
Staphylococcus aureus. These systems can be engineered for use in many medical 
equipment as well as for wound dressing. However, in future it would be interesting 
to see if these systems are optimized further e.g. introducing ligands at the periphery 
of phthalocyanines that are already in clinical trials (used as antibiotics) or as 
antimicrobial agents.  
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